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Abstract

Our expanding modern society demands more and more energy, and with diminishing
fossil fuel supplies and threats of global warming, it has become imperative that we
use our energy efficiently. For decades, district heating has proved to be a stable and
environmental-friendly way of supplying space- and hot-water heating to connected cus-
tomers. In this thesis, methods to make the technology of district heating even more
efficient and competitive are presented and investigated.

Most installed district heating substations today do not work at their full poten-
tial, meaning that energy is short-circuited and hence wasted. By integrating wireless
Internet-enabled embedded devices into district heating substation components, e.g., cir-
culation pump, heat meter and temperature sensors, a Wireless Sensor Network (WSN)
is formed. With a Internet enabled WSN in place, the possibility is given to interact and
communicate with the substations worldwide. It also enables information sharing be-
tween devices that traditionally have not been able to communicate and exchange data,
e.g., heat meter and control valve.

Frustration is often associated with the introduction of new IT solutions, including
their implementation, maintenance and proprietary protocols. To make the embedded
devices (sensor platforms) context-aware and support plug-n-play features, an informa-
tion architecture based on service-oriented architecture (SOA) has been experimentally
tested with promising results.

When looking at efficiency in district heating systems, ΔT (difference between supply-
and return-temperature) is a key indicator, as a large ΔT contributes to lower distribu-
tion, fuel and installation costs. A large ΔT can also increase electricity production if
the heat is produced in a combined heat and power plant. Using the Internet-enabled
WSN architecture described in the thesis, it is possible to increase system ΔT through
improved substation control. It is also possible to support a range of new services for
both customers and producers that will enhance the quality of service and functionality,
both from a system-wide and subsystem perspective.
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Chapter 1

Thesis Introduction

As computers become smaller and more energy-conservative, their area of application
is expanding. The information technology systems we use today are just an indication of
what will come. Computers smaller than coins, communicating using the Internet over
low-power radio, will open up possibilities that we could only dream of a few years ago.

This thesis addresses how such new technology can be used to complement and optimize
the traditional field of district heating.

1.1 Background

District heating has proved to be a reliable and energy-efficient method of providing heat
to customers located in relatively dense populated areas for decades [1, 2]. In the last
10-20 years the related technology of district cooling has also proved useful for removing
excess heat (supply cold) from customers in a very resource-efficient way, which has
increased interest in this technology.

However, in a liberalized market, the competition for customers is tough. To keep
up with competing technologies and further improve overall efficiency, the technologies
of district heating and cooling will require further development and system optimization
to retain their strong position in well-established areas and increase their market shares
in expanding markets.

A fundamental problem with transporting energy in the form of heat is losses to
the surroundings during transportation. In district energy systems this loss is primarily
limited by insulating the distribution pipes, but heat leakage from distribution pipes still
affects the overall energy utilization in a negative manner. Besides insulation of pipes, it
is also important that a maximum of the delivered energy be utilized where it is intended
to be used; at the customers.

In district heating systems, which is the main application for this thesis, it is at
the customers that the district heating substation is found, and the distributed heat is
transfered to space heating and tap water heating (and in some cases other functions
such as industrial drying). To maximize energy utilization and minimize distribution
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4 Thesis Introduction

losses, a maximum amount of heat should be extracted from the distribution media in
the substation, causing a large temperature drop across the substation. The temperature
difference across the substation is referred to as ΔT within the district energy industry
and is the initial purpose of this thesis.

The ΔT is one of the most important factors in district energy systems. In addition
to affecting distribution losses, a large ΔT also contributes to:

Reduced flow in distribution network, as more energy (q) can be transferred at con-
stant mass flow (ṁ) if the temperature difference (ΔT ) is increased according to

q =

∫ t

0

cpṁΔTdt (1.1)

where cp is the specific heat capacity.

Potentially more customers connected to the available distribution network. With a
reduced flow, more potential customers can connect to the network without over-
loading the network.

Reduce the use of peak production during periods of high load. When the pro-
duced energy is utilized with a higher efficiency, the operational time of peak power
production will be reduced.

Increased electricity production in combined heat and power plants. More energy
per primary fuel unit can be turned into electric power when the average temper-
ature in the district heating system is lowered.

All of the above stated arguments will contribute to a higher overall fuel efficiency
and thus to financial and environmental savings.

The Swedish district heating and cooling association initiated a project called “Inte-
grated control and metering” (Integrerad mätning och reglering, in Swedish), with the
purpose of examining the possibility to enhance district heating substation functionality
and performance through integration of metering and control systems. My part in the
project was initially to investigate the if there was any possibility to use information from
the heat meter to affect the substation control in a way such that an increased ΔT could
be obtained.

Subsequently, my research project was expanded to also investigate the opportunity
to integrate wireless sensor network technology in district heating substations, to create
a foundation for additional services and functionality.

1.2 Thesis boundaries

Physically, the research boundaries are limited to the district heating substation; however,
changing the district heating substation will, when done on a large scale, have positive or
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negative effects on other parts of the district heating system. This research is focused on
the space heating part of the substation, as a greater potential for efficiency improvement
is possible via smart control solutions in the space heating part than the tap-water part.

Standardized communication technologies have been used to the extent possible. No
research or development of new network protocols has been done in this thesis. How-
ever, integrating new communication platforms with existing devices has required new
hardware and software to make the integration possible.

The control theory used in this thesis is fundamental and can definitely be questioned
and improved by control theory professionals.

1.3 Research Questions

The main objective of this thesis is to investigate the possibilities of creating an architec-
ture that can support the development of smart control, metering and service solutions
with the goal of increasing efficiency and functionality of district heating systems.

The research that I have focused on throughout my work can be summarized in the
following three questions:

� Is it possible to improve the ΔT-optimization process using heat meter information?

� Can Wireless Sensor Networks (WSN) be used to serve smart metering and smart
control and also support the development of new energy services?

� Can high-level Service-Oriented Architectures (SOA) be integrated with resource-
constrained WSNs to support evolvable vendor-independent systems and services?

1.4 Thesis outline

The thesis is divided into two Parts. The first part provides an introduction to the
different areas of my research. The second part includes scientific publications that I
have written during my time as a Ph.D. student. Below is a short outline for Part I.

In Chapter 2, a general description of district energy is given, with a focus on dis-
trict heating. In Chapter 3, the thesis continues with a description of available sensor
communication used in district heating substations today and new wireless sensor net-
work technology. In Chapter 4, a brief overview of the control systems found in district
heating substations is given, in addition ideas on how wireless sensor technology can be
utilized to evolve district heating substation control and measurement. With sensors and
actuators located in district heating substations available online, high-level data acqui-
sition and control systems must be available to fully support the functionality that the
sensors supply. This issue is addressed in Chapter 5, in which I present concept of service-
oriented architecture as a methodology to support future flexibility and development of
the wireless sensor network installations.

In Chapter 6, I give short summaries of relevant research contributions I have made
during my time as a Ph.D. student. Part I ends with a conclusion found in Chapter 7.
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1.5 Stakeholders and interest groups

There are a number of stakeholders/interest groups that could benefit from this thesis.
In Figure 1.1 I try visualize this concept in a “flower” whereby the leafs represent stake-
holders. The thesis is placed in the center overlapping both stakeholders and research
areas. This figure also depicts the diversity of the thesis, as it involves several research
subjects.

Figure 1.1: Stakeholders and groups that this thesis can be of interest to.



Chapter 2

District Energy

To obtain a comfortable indoor temperature, heat must be supplied or removed from
indoor air. This can be accomplished through a variety of methods. The concept of
district energy has proved to be an efficient and reliable method to service relatively dense
populated areas with thermal energy. The concepts of district heating and cooling are
further explained in this chapter.

2.1 What is District Energy?

There are two main categories of district energy, district heating and district cooling.
District heating is today the most adopted of the two, but district cooling is gaining
popularity throughout the world [3, 4]. Many similar definitions of district heating exists,
but I found the one at Wikipedia to describe district heating in a short, correct and
informative way:

“District heating is a system for distributing heat generated in a centralized
location for residential and commercial heating requirements such as space
heating and water heating.” 1

The related technology of district cooling basically works in the same way, but instead
of distributing heat through the use of hot water, cold water is distributed to chill offices,
residential areas or other properties with cooling demands.

District energy systems are often divided into three main sections of operation, pro-
duction, distribution and customer usage. Figure 2.1 depicts the main parts in a simplified
drawing of a district heating system.

1Wikipedia, http://en.wikipedia.org/wiki/District heating, February 2011
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8 District Energy

1

3 3 3

2

Figure 2.1: Simplified sketch of a district heating system. 1, Heat production plant. 2, Distri-
bution system. 3, Heat customers.

2.2 Motivation behind District Energy

Compared to other heating technologies, such as small local gas, oil or wood pellet
burners, a district heating production plant can be constructed to be far less sensitive to
fuel quality. The fuel efficiency in district heating heat plants is often very high compared
to local heating technologies [5, 6].

District heating can, in a way, be compared to a bus, and local heat to a car. Let’s
say that a bus can transport 60 persons, whereas otherwise, each person would drive his
or her own car. I think we all can agree that the bus is more energy efficient. The same
principle can be used for district heating, where one central heat plant can generate heat
for thousands of homes instead of each home having its own boiler.

2.2.1 Energy Quality -Exergy

Energy is a well-known physical measure that most people are familiar with in one way
or another. Exergy, is not as well known concept as energy, but it is often a more useful
concept when resource efficiency is to be evaluated [5]. In essence, exergy states the
energy quality. In thermodynamics, the energy quality (exergy) can be said to increase
with increased temperature, even though the amount of energy is the same.

In contrast to energy, exergy is constantly destroyed. For example, when a mass of
a certain temperature is cooled, the thermal energy is transformed but not destroyed,
whereas the energy after the transformation is much less useful than before the transfor-
mation. The exergy however, is destroyed (consumed) when the mass is cooled and will
never return without additional energy.

Electricity is a very pure form of energy (high exergy). One KJ of electricity can be
transformed into other forms of energy with very high efficiency (100%), e.g., heating a
volume of water from 20 to 50 C◦. However, it is impossible to transform the heat back
to electricity (with an acceptable efficiency), which shows the lower energy availability in
the warm water as compared to that in electricity. The exergy content of the electricity is
hence partly destroyed when the electric energy is transformed to heat. This exemplifies
why high-quality energy, such as electricity, not should be used for low-tempered space
heating. Electricity is far too valuable to short circuit in electric radiators to produce
low temperature indoor space heating. Another question one may ask is, why can the
thermal energy a human produces (75-100W) not be used to light a 60W light bulb?
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The exergy efficiency in an electric short-circuit radiator is about 5% [7] even though
the energy efficiency is 100% according to the first law of thermodynamics. This apparent
contraction again highlights the bad idea of using electricity for low temperature space
heating. Although the use of electric heat-pumps can achieve 300% energy efficiency
(COP 3), the exergy efficiency only reaches ∼15% [8].

For purposes such as heating indoor spaces, a much more low-quality energy source,
such as warm water in a district heating system, still provides the service of good indoor
comfort. Hence the much more valuable electric energy can be conserved for cases where
there are no practical alternatives to electricity, e.g., lightning and electro-mechanical
appliances.

The use of “low-quality” energy sources (low temperature) can make a big difference
in the future community, as more high uality energy can be freed for irreplaceable energy
demands [9, 10, 11]. Through intelligent control methods in district heating systems, a
lower system temperature is attainable, which in turn enables the use of new low-exergy
heat sources.

See [7, 5, 12, 13, 14] for more information regarding exergy and energy quality.

2.2.2 Financial and Environmental Incentives

A fundamental advantage with district heating is that low-quality energy sources such as
waste heat, that otherwise would be considered useless can be used in the district heating
systems. As an example, in condensing power plants, electricity is produced based on
the Rankine cycle [15]; see also Figure 2.2. Heat left in the steam after the turbine
stage is considered useless and is evaporated into the air, or flushed out into the oceans.
However, if there is a market for the generated (waste) heat, it would be an excellent
opportunity to combine heat and electricity production in a so called Combined Heat
and Power Plant (CHP); see also section 2.3. In a CHP-plant, both electricity and heat
are produced and sold, and the heat production is often combined with a district heating
network. In this way, both electricity and heat can be produced and sold from a single
plant, increasing efficiency and minimizing costs.

From an environmental perspective, CHP-plants are also very good because more
useful energy is utilized from the primary fuel, as compared to a having two separate
power and heat plants.

If the European electricity production from co-generation plants would rise from 10
to 20%, the CO2 emissions is expected to fall by 100 million tons per year [16]. This
indicates the potential of the technology.

By using district heating and cooling, great emission reductions are possible. Energy
costs can also be limited by the use of district energy, as the primary fuel can be more
wisely used, and waste heat can be utilized.

In [17] an interesting real-world example on how electricity usage could be reduced by
44% by converting the space heating, hot tap-water and cooling process from electricity
and oil to district heating in a large factory. Simultaneously, the factory’s energy cost
could be reduced by between 46 and 64% depending on the price of electricity. Depending
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on the primary fuel in the district heating system, the carbon dioxide emissions will also
most likely be significantly reduced.

2.2.3 Customer Incentives

From a customer perspective, district heating is an inexpensive, maintenance-free heating
method for space heating and hot-water production. The heat supply can from a customer
perspective mostly be considered infinite, which means that customers do not need to
care about pre-heating accumulation tanks etc.. The district heating substation is also
mostly designed to operate without any human interference for long periods of time,
making it a reliable and user-friendly heating method.

2.2.4 Limitations and Disadvantages

Initial investments for a district heating system are high, as significant investments in
distribution pipes, conversion/installation of property heating systems and new heat or
CHP-plants are required. This is often advanced as one of the limiting factors for district
heating expansion in the market-driven parts of the world, where there are few non-
government owned companies willing to take the risk of large investments with a long
payback time, even if the long-term financial prediction of the systems is very good [1, 4].

A “risk” for customers connected to a district heating network is that it is difficult
to influence the price or change heat supplier, as it is usually only one heat supplier
per distribution network. As a result, the customers’ freedom of choice can be limited.
It is therefore of utmost importance for the industry (and the society) that the energy
companies maintain good relations with their customers in order to avoid mass migration
to other heating methods.

2.2.5 Historical Background

The history of district heating can be traced back to the Roman Empire, where the heat
was used to heat warm baths and greenhouses. However it was not until 1877 that the
American engineer Birdsill Holly created the first commercial district heating network in
Lockport, New York [1, 18]. Several systems followed in North America in the 1880s and
90s. During these years, a few smaller district heating systems were also built in Europe;
however, these did not use heat as merchandise. The European district heating systems
were created only as a rational way of heating a large number of buildings. The first
commercial European district heating networks were started in Germany in the 1920s.

If the early 20th century can be seen as the introduction phase of district heating,
the years between the world wars can be considered to be the ripening years of district
heating. During these years many larger European cities adopted the district heating
technique.

The big European expansion came after the second world war, when Europe was about
to be re-built. This was a time when large new buildings were constructed, presenting
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great possibilities for district heating installations. The volume of the district heating
market immediately expanded.

In North America, many district heating systems were closed down in the 1960s and
70s as the owners lost interest in the business and provided insufficient funding for their
maintenance. As a result, many customers left the district heating systems and the
majority of these systems had to close down. However, today things are moving in the
opposite direction, and district energy is advancing in North America, taking more and
more of the heating and cooling market [19].

What happened in North America during the 1960:th and 70:th is now happening
in Russia and the former Soviet Union states, where lots of district heating systems are
deteriorating due to deficient maintenance.

2.3 Heat Production

Fuel sources used for heat production in district heating can be oil, gas, waste, wood-
chips or any other combustible material. The fuel is burned, and the heat generated is
used to heat water that is distributed to the customers connected to the district heating
distribution network.

2.3.1 Heat-only Boiler (HOB) Plants

A heat plant that only produces heat, is commonly known as a Heat-only Boiler (HOB).
Its maximum efficiency rarely exceeds 50%. Today, HOB plants are often replaced or
reconstructed to also produce electric power, such that a higher total fuel efficiency can
be obtained.

2.3.2 Combined Heat and Power (CHP) Plants

To improve the overall fuel efficiency, the heat plant can be combined with an electricity
producing power plant; this is referred to as a Combined Heat and Power plant, often
abbreviated as CHP [16]. In the electrical power production process, a lot of waste heat
is produced, which in a “traditional” condensing power plant is not used for any purpose.
In a CHP plant connected to a district heating network; however, this waste heat is used
to heat the district heating water in the same manner as in a HOB, thus increasing the
overall fuel efficiency of the plant.

The most frequently anticipated CHP process to be used together with district heating
systems is the extraction condensing CHP plant; see Figure 2.2 for a simplified CHP
process. In an extraction condensing CHP plant, a boiler heats water under high pressure
until very hot steam is produced. The steam is condensed in the condenser causing a great
pressure drop across the turbine that is located between the boiler and the condenser.
The condenser is connected to the district heating system, which is used as a heat sink
for the produced excess heat. By decreasing the average temperature in the condenser,
the steam will condense more quickly causing a higher differential pressure across the
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Figure 2.2: Production process based on the Rankine Cycle in an extraction condensing combined
heat and power plant. 1, Boiler. 2, Steam turbine. 3, Condenser. 4, Pump. Water is heated
under high pressure in the boiler and turns into steam, the pressure is decreased across a steam
turbine, which is connected to an electricity producing generator. Because the steam is still hot
after passing the turbine, it contains heat energy. This energy is extracted in the condenser,
which is connected to the district heating network. The steam is cooled and turns into liquid
which is pumped into the boiler under high pressure, and the process is repeated.

turbine, which in turn will generate more electric power. This is one major reason why
it is important to maintain a high ΔT and also target a low supply temperature in the
district heating system.

There are also plants that produce cold water, hot water and electricity. Such plants
are referred to as tri-generation plants [16]. These are still quite uncommon, but will
most likely gain popularity as the technology of district cooling expands.

The percentage of heat produced in CHP plants for some well-known district heating
countries can be seen in Table 2.1.

2.3.3 Industrial Waste Heat

Another heat source that is frequently used in district heating networks is industrial
waste and industrial waste heat. This is an excellent heat source because the heat (or
other energy-rich waste products) will be produced even if it is not used for any good. For
example, waste heat can come from steel production facilities that produce gas (waste) in
the steel production process; this gas can later be burned to produce electricity and heat.
Other examples can be found where the heat of an industrial process can be directly used
to heat district heating networks. The lower the supply temperature that is accepted in
the DH network, the wider the range of possible waste heat sources. This is one of the
benefits of having a low-tempered district heating network [9].
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Country CHP of total DH produced

Netherlands 93% [3]

Germany 83% [3]

Denmark 80% [20]

Finland 76% [21]

Sweden 66% [22]

EU average 63% [3]

Russia 30% [3]

Table 2.1: Percentage of total district heating produced in CHP plants in a selection of countries
and EU average.

2.3.4 Other Heat Sources

In countries with a lot of volcanic activity, an “endless” supply of heat can be found right
in the ground. In Iceland, more than 90% of the heat market is geothermal energy.

Nuclear power plants produce huge amount of heat that is usually not connected
to district heating systems due to mostly unjustified fear of radiation. However, some
nuclear heated DH-networks exists in Russia and Switzerland [4].

Electric heat pumps are also used as heat producers to some extent, mostly in coun-
tries with traditionally low electricity prices.

2.4 Distribution

The distribution network can include hundreds of kilometers of underground pipe [2].
Close to the heat plant the pipes are very large, up to a meter in diameter. The pipes
gradually decrease in diameter further away from the heat plant and closer to the cus-
tomer. The last section of pipe, often referred to as a service pipe, is often just a few
centimeters in diameter.

The pressure in the distribution system varies from system to system but is often
dimensioned to 16 or 25 bar [2]. The actual pressure in the distribution system is often
around 4 - 8 bar, but in rare cases exceeds 15 bar in liquid (water) systems. In steam
systems the pressure is usually lower.

The pipes are generally well insulated, but distribution losses still can not be disre-
garded. The losses increase with increasing distribution network temperature; this is one
reason why it is advantageous to maintain the temperature at a reasonable low level. In
steam networks, where the temperature is usually higher than in liquid-based networks,
the losses are also higher as the temperature gradient to the surrounding area is larger.
This is one reason why few new steam systems are built today. Another disadvantage of
steam networks is that they cannot be combined with CHP-plants, as the return tem-
perature in steam-based district heating systems is too high to be used for condensation
in the co-generation process.



14 District Energy

A study by Yliniemi [23] showed that the distribution loss in a North-American
water-based district heating system to be ∼10% of the total produced heat energy. The
corresponding average number for Sweden’s district heating networks is ∼7% [24]. The
lower losses for the Swedish systems are related to the lower system temperature, and
relatively high ΔT. In Russia, energy losses in the distribution network can reach up to
70% in old and poorly maintained systems [3]. More statistics on distribution losses can
be found in [4]

The distribution losses also vary with the heat load, which is strongly related to the
outdoor temperature. One might believe that the relative losses would be higher during
winter, as the water temperature is higher and the surroundings are colder. However, this
is not the case because the customers consume large amounts of energy during the cold
months (for space heating). This causes the flow in the network to increase, and most
of the energy is utilized (transferred) in the customer’s district heating substation rather
than being lost in the distribution network. In contrast, during the warmer months when
no energy is used for space heating, the only heat consumption is related to tap water
usage. This causes the water in the district heating system to stand almost still for long
periods of time, resulting in a relative increased in heat losses.

2.5 Delta-T

Delta-T (ΔT) is defined as the difference between supply and return temperature in a
district heating network. However, the ΔT will vary within the same network due to
heat leakage to the surroundings, meaning that the ΔT by the production plant and the
peripheral regions of the distribution network will not be the same; see also section 2.4.

A ΔT increase affects the efficiency in the district heating system in a number of
ways. The most important are listed below.

� Reduced distribution losses.

� Reduced electric power needed for distribution.

� Increased α-value in CHP-plants.

� Reduced need for primary fuel (higher fuel efficiency).

� Reduced operating time of peak load heat plants

� More potential customers to existing distribution network due to a reduced system
flow.

All of the above listed statements will affect the environment and financial status of
the energy companies in a positive manner. As the produced energy should be distributed
to the customers where it is to be used, it is of highest importance that the customers
also utilize the delivered heat in an efficient way, which results in a high ΔT. To make
the district heating customers aware of how their substation can affect the total system
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efficiency, they are often economically rewarded if they maintain a high ΔT and a low
flow through their substation. A majority of the district heating producers in Sweden
administers some kind of flow/ΔT reward system in their tariffs. In equation (2.1) to
(2.3)2, three different energy tariffs are shown for larger customers (multifamily houses
and up) [25, 26, 27]. Due to the complexity of the equations, it might be hard for the
customers to actually calculate how much/little money they can save by increasing their
ΔT. In Figure 2.3 and 2.4, the results from equations (2.1), (2.2) and (2.3) are visualized
to give a sense for how much customers of different sizes (dimensioned connection power)
can save on their heat bill by keeping their ΔT high (low flow).

2.5.1 ΔT depending tariff examples

Variable Explanation Unit

Y Total Energy Price e
E Dimensioned Connection Power kW
W Yearly energy usage MWh
A Fixed fee e
Q Yearly flow m3

a Specific thermal power cost e/kW
b Energy price e/MWh
c Flow charge e/m3

q Flow constant -
ΔTΔ Change of Delta-T K

Index

v Winter
s Summer

cn Connection
py Previous year

Table 2.2: Variable definitions for equations (2.1) to (2.3).

Lule̊a Energi practices a flow-compensating tariff, where the volume Q used by a
customer is charged at a flat rate c all year around. In addition, a fixed yearly cost
depending on dimensioned connected power plus cost of actual energy usage is charged,
see equation (2.1).

Y = Ecn · a(Ecn) +W · b+Q · c (2.1)

2All tariff source information is from 2010.
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Pite̊a Energi also practices a flow-compensating tariff according to (2.2). The energy
price b is also divided into two separate price periods, winter bv and summer bs. The flow
constant q is calculated from how much volume Q the customer used per energy unit W
during the previous winter.

Y = A+ q · (Ws · bs +Wv · bv) (2.2)

Fortum värme Stockholm is rewarding customers that have a high ΔT compared to
the network average; see equation (2.3) for details. If the network average ΔT is reduced
from one year to the next, the customer needs to further increase the specific substation
ΔT compared to the system average to retain their “rebate”.

Y = A+ a · Epy + bs ·Ws + bv ·Wv + 1.90 ·ΔTΔ ·Wv (2.3)
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Figure 2.3: Customer savings in e as a function of yearly energy usage and ΔTΔ. All energy
prices are from 2010. An Euro exchange rate of 9.3 SEK is used.
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Figure 2.4: Customer savings in % as a function of yearly energy usage and ΔTΔ.
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2.5.2 Delta-T and Heat Production

The financial benefits for the heat producers related to ΔT are thoroughly evaluated in
[28], which exemplifies different scenarios for a variety of heat production plants. In one
of the examples, the primary return temperature is lowered 5 ◦C in a DH network where
a combined heat and power plant are used for heat production. The yearly savings is
estimated to approximately 1800e/MW thermal condenser power. There is also an excel-
based model for calculating possible savings when the temperatures in the DH network
changes, available for public download at [29].

In [30], the value of Swedish district heating research is concluded. The specific value
of return temperature reduction (increased ΔT) is here estimated to approximately 0.1 e/
(MWh,◦C).

The conclusion of these examples is that there is potential for great financial savings
connected with ΔT improvements for heat producers.

Methods that I have worked on with the purpose to increase ΔT are further presented
in Chapter 4 and Papers C and G.

2.6 Control and Efficiency

The system design and choice of temperature levels are strongly related to historical
and traditional factors. However new networks are often built like networks found in
Scandinavia, with relatively low design temperatures [2]. The main reasons for using
lower system temperature are reduced losses from distribution systems and the possibility
to combine with CHP plants and industrial waste heat sources.

To minimize distribution losses and pumping power when system the load changes,
the system supply temperature is controlled after a pre-defined relation with outdoor
temperature. To reduce the need to pump more water through the system when the
outdoor temperature drops and the heat load increases, heat plant operators increase
the system supply temperature (using automatic control). Hence the increased heat
demand can be satisfied without increasing the flow through the system, all according
to equation (1.1). This method reduces the need to over-dimension the distribution
network, which would be needed if a lower constant temperature was used. It also limits
the distribution losses during the warmer periods when the heat need is lower because
the system temperature also is lower.

However, the heat load in a district heating network is not only correlated to outdoor
temperature. Wind and sun also affect heat load, as do short-term changes caused by
human behavior. As an example, people tend to prefer to take showers in the, causing a
high load on the district heating system for a few hours.

Controlling the primary supply temperature to a level that the consumer requirements
are met without supplying too high a temperature is the target for the heat suppliers.
The Danish company 7 Technologies [31] has a system-wide control system using mea-
surements from several sections of the network in order to set the minimal required supply
temperature. I think their solution exemplifies how future communication technology can
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be utilized to obtain better system performance.

2.7 District Heating Substation

The district heating substation is where the heat in the distribution media is transferred
from the distribution network to building-specific usage, usually separated to space heat-
ing and tap water heating.

To transfer heat to a building’s space heating system, two major connection versions
are possible. Space heating systems (radiator systems) can be connected either directly to
the distribution network, where the same media (usually water) is used in the distribution
network as in the heating system, this is referred to as direct connection. The other
connection type is referred to as indirect connection. Here, the space heating system
is physically separated from the distribution network using a heat exchanger solution.
The connection type usage is often separated geographically deducted from national
traditions.

All systems have advantages and disadvantages; for the direct connection of space
heating systems, the following arguments are typically made [2].

Negative aspects

� There is limited protection against pressure shocks.

� The risk of corrosion is high due to high levels of free oxygen in the distribution
medium.

� In case of leakage, the potential volume can be assumed to be infinite, which could
lead to devastating results.

Positive aspects

� Investment cost are low.

� A high ΔT can be achieved, as there is no heat “lost” in heat exchangers.

� By choosing appropriate control of valves and pumps, the risk of pressure shocks
in the network can be reduced.

� There are large DH networks with direct connections that have worked well for
decades.

Similar to space heating, the hot tap water connection can be divided in two connec-
tion methods. The hot water can be taken directly from the distribution network (open
connection). At present this connection type is very uncommon; however, it might still
be found in Russia or Eastern Europe. In similarity with the indirect connection used
in space heating, closed connection uses the same principle with a heat exchanger setup,
transferring the heat from the distribution media to the tap water system.
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1 2

3 4

Figure 2.5: Four possible combinations of indirect /direct radiator systems and open closed tap
water system. 1, Indirect/closed. 2, Direct/closed. 3, Indirect/open. 4, Direct/open

In Figure 2.5, the four possible combinations of direct/indirect and open/closed con-
nection types are shown. In this thesis, indirect/closed connection is exclusively used.

2.8 District Energy Around the Globe

2.8.1 District Heating

District heating can be found in most industrialized countries in cold climate zones. The
highest market shares are found in the northern and eastern parts of Europe; see [3, 4, 32]
for detailed statistics. The highest market share is found on Iceland due to their high
volcanic activity, which produces “free” heat through geothermal processes. It should be
noted that China has emerged as a huge DH market the last decade, with more than 3
billion m2 heated by district heating in 2007. In comparison, Sweden has approximately
215 million square meters serviced by district heating.

2.8.2 District Cooling

The market for district cooling is much younger than that for district heating, and is not
yet as well established. However, district cooling is expanding very rapidly around the
world. In the Middle East, Bahrain, Qatar, UAE and other countries in the region have
made very large investments in district cooling in the last decade. The district heating
cooling industry is also growing in the USA, Canada and Europe.

With a delivery ∼15000TJ/year, Japan has the world’s largest district cooling deliv-
eries. France is currently the largest district energy market within Europe with ∼3400TJ
of yearly delivery.
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Today, ∼80% of the commercial buildings in the Middle East, Japan and the USA
uses cooling devices. In Europe this share is lower, but is expected to reach 60% by
2020 [33]. By replacing small electricity-driven chillers with large-scale district cooling
systems that utilize absorption- and free-cooling substantial electricity and CO2 saving
can be achieved.

2.9 Future of District Energy

In the light of diminishing fossil fuel supplies and threats of global warming due to high
CO2 emissions. CHP and district heating (and cooling) should have an obvious place in
the future energy system.

In Scandinavia, district heating is a well-established heating method and is likely to
maintain its strong position. Other regions in the world, like China, continental Europe,
the USA and Canada are now learning from Scandinavian countries how to build efficient
district heating systems. The DH market is also expanding in these regions. In Russia
and the Ukraine (and other former Soviet states), people have had bad experiences from
malfunctioning and poorly-maintained DH systems and tend to choose other heating
methods if available. Huge investments in the available systems in these countries are
required to make them fully functional and compliant with reasonable losses [4, 34].

Approximately 50% of Europe’s total energy usage is related to space heating and tap
water heating. Today the district heating market reaches 9% of this heat demand, with
great variations between regions and countries. Hence there is still room for substantial
expansion within Europe. Looking outside Europe, even greater possibilities for district
heating expansion/and introduction are possible.

The use of district energy in traditional electric appliances like dish-washers and
refrigerators is also a highly likely future application area of for the expansion of district
energy.

District cooling has a market share of ∼2% within Europe today, which indicates
that there is considerable room for expansions. Within the last decade, there has been a
tenfold growth of installed capacity.

As energy prices rise, district energy will become even more competitive and attractive
compared to other heating methods. Thus I and many others believes that district energy
will have a very bright future.

However, to maintain its strong position in Eastern and Northern Europe and to
expand in other regions of the world, it is important to continuously evolve and gain
customer trust. In the following chapters, I present technologies that can be used to
support the development of new customer and heat-supplier services.



Chapter 3

Sensor Communication
Infrastructure

In this chapter, a technical presentation of wireless sensor networks (WSN) is given.
Through the use of WSN it is possible to support the development of new services and
solutions that have traditionally been prevented by the static and hardwired connections
within the substation and the limited external communication possibilities.

3.1 Present Substation Communication

In general, the evolution of the district heating substation has been limited for a long
time. Static, wired and often proprietary solutions are extensively used today in the same
manner as several decades ago. This situation limits the impact of potential and creative
solutions that may decrease system losses, increase system efficiency, increase revenue for
producers and lower customer bills. Today’s proprietary/closed solutions also contribute
to limiting the development of new smart solutions that can reduce energy wasting and
increase customer comfort and satisfaction.

An open solution that supports vendor-independent communication between devices,
would simplify the progress of new energy- and cost-saving solutions. If it also could be
done using wireless technology, the installation and upgrade process can be made simple
and cheap.

3.2 Wireless Sensor Networks

To simplify installation of new sensors in existing buildings, a wireless communication
method is preferable. With a wireless architecture no wires have to be rolled out, no
holes have to be drilled through walls etc.; this makes the installation procedure much
cheaper and quicker. In addition, new sensors can easily be integrated with the available
wireless sensor network, which simplifies expansion and functionality of the network.

23
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Today there are an abundance of wireless communication “standards”, many of them
proprietary and/or vendor-specific. This makes it problematic to establish communica-
tion between devices of different manufacturers. However, a convergence exists towards
open radio and protocol standards, specified by the organizations IETF1 and IEEE2.
In my opinion, the most promising solution today is the IEEE 802.15.4 radio link with
6LoWPAN/IPv6 on top; see more about this in section 3.3.1.

3.3 Possible Future Substation Communication In-

frastructure

To enable increased functionality for the sensors and actuators within a district heating
substation, a common communication infrastructure should be used to simplify software
and hardware development. To reduce the number of converters, tunnels and specialized
proxies used in the communication infrastructure, an Internet-compatible communication
method that can be implemented on a multitude of hardware platforms is needed. Today,
the only protocols that supports these requirements is the TCP/IP suite. By using TCP/
IP all the way down to the sensor level, a simpler and more easily maintained architecture
can be achieved; see Figure 3.1 for an exemplification.

A standardized and well-known communication method like TCP/IP would also en-
able the possibility for “Open Development”, which can significantly reduce the time
from concept to reality significantly because no new communication hardware needs to
be installed. New software can be downloaded directly over the Internet to the wireless
nodes, which are assembled with sensors and actuators. Once the devices within a DH
substation can exchange information without limitation, new functionality that benefits
both customers and producers can easily be developed and integrated.

3.3.1 IP Networking

The technologies 6LoWPAN [35, 36] and IEEE 802.15.4 [37] have during the last years
enabled wireless IP-based communication all the way down to (low-power) sensor level,
which has opened up new possibilities for software solutions. 6LoWPAN is often referred
to as the “Next Internet” or “Internet of Things” [38, 39], where Internet communication
requirements are integrated in very small (< 1cm3) and cheap devices.

Once the technology is widely adopted, the Internet will see an even more rapid
growth of connected devices. Hence, it is not possible to continue using the current IP-
version (IPv4), which is rapidly running out of available addresses. The next generation
of Internet addressing is found in the specifications of Internet protocol version 6 (IPv6)
[40]. IPv6 uses a 128bit address length, whichs support ∼ 3.4 · 1038 individual addresses,
whereas in comparison, IPv4 uses only a 32-bit address space (∼ 4 · 109 addresses).

1Internet Engineering Task Force
2Institute of Electrical and Electronics Engineers
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(a) Proprietary/specialized connections using a variety of protocols and
protocol converters.

(b) Devices connected using IPv6 over 6LoWPAN. No need for transla-
tors or converters (middleware), the Internet Protocol is used at the en
devices.

Figure 3.1: Comparison of Internet integration between traditional proprietary protocols, fig-
ure 3.1(a) and open standard IPv6/6LoWPAN approach, figure 3.1(b).

In addition to a wider address space, IPv6 also supports other new features like
stateless address auto-configuration, mandatory network layer security and simplified
router processing.

In Figure 3.2, a TCP/IP-stack is depicted. The stack is shaped like an hour-glass to
depict one of the great advantage of using IP. As shown in Figure 3.2 the layers above
and below the IP-layer (network layer) are free to vary independently, as long as the
IP-layer is kept intact. As Internet traffic are routed on the IP-layer, there is no need
to add specialized vendor-specific solutions if the end-devices themselves supports IP
communication.
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Figure 3.2: TCP/IP hourglass

3.3.2 IEEE 802.15.4

The IEEE 802.15.4 [37] standard specifies the physical and MAC layers in the protocol
stack. The physical media is radio, which today is divided into 4 separate frequency
ranges, 868MHz, 915MHz, 950MHz and 2.4GHz. The 2.4GHz frequency range shares
the same frequency band as WiFi, Bluetooth and many other wireless technologies; it is
also free to use world wide. However, depending on the area of application, the 2.4GHz
band might not be the most suitable. In the case where long-range communication is
more important than high bandwidth, the lower bands are preferable, as they usually
can manage greater distances due to their lower frequency. The allowed lower frequency
band differs between continents and countries. The three major markets are the EU -
868MHz, North America - 915MHz and Japan - 950MHz.

3.3.3 6LoWPAN

The 6LoWPAN standard is specified by the Internet Engineering Task Force 6LoWPAN
Working Group [41]. This group was formed to work with IPv6 protocol extension for
Low-power Wireless Personal Area Networks (LoWPANs), consisting of IEEE 802.15.4
links.

The 6LoWPAN adaptation layer is responsible for IPv6 packet fragmentation and
reassembly. Fragmentation is needed because the IEEE 802.15.4 standard has a max-
imum frame size of only 127bytes. IPv6, however, has a MTU3 of 1280bytes. Hence,
the larger IPv6 packets can not fit into one single IEEE 802.15.4 frame. The 6LoWPAN
layer fragments and compresses the IPv6 packet so that it can be transmitted on top of
IEEE 802.15.4 MAC and physical layers. However, the 6LoWPAN protocol is also com-
patible with other link and physical layer technologies. For more information regarding
6LoWPAN see [38, 39].

3Maximum Transmission Unit
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Chapter Summary

Deploying technology explained in this Chapter in district heating substations will gen-
erate possibilities for enhanced control and diagnostics of individual substations and the
system as a whole. In Chapter 4 I exemplify how the technology can be used to support
the work on ΔT-optimization and what the physical implementation can look like.
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Chapter 4

District Heating Substation
Functionality

The district heating substation is where the distributed energy is transferred into valu-
able heating services for the customer. The district heating system efficiency is also to a
great extent determined by the substations ability to keep a large ΔT . Thus, substation
control and performance is highly important for both customers and heat suppliers.

In this section, the traditional control methodology of the district heating substation
and its limitations are explained. New ideas on how space heating control can be improved
are also presented.

4.1 Space Heating Control Strategies

The heat transfer from radiator to indoor air can be controlled by changing the supply
temperature to the radiators, or by varying the flow, according to equation (1.1). To
achieve a comfortable and stable indoor temperature, the amount of heat transfered from
the radiators to the indoor air must be controlled to meet the demands of the required
indoor temperature. This goal is traditionally achieved by controlling the radiator system
supply temperature, at a constant flow rate. Thermostatic valves are also commonly used
to limit the radiator flow, and hence also the thermal energy emitted to the building itself.

I continue to explain the most common radiator control method and provide a few
alternative approaches.

4.1.1 Traditional Radiator Control

By far the most common way to control the space heating system in order to supply the
building with a suitable amount of heat is to set the radiator system supply temperature
based on the local outdoor temperature. This means that the radiator supply temper-
ature is increased when the outdoor temperature drops, and lowered when the outdoor
temperature rises. The flow in the heating system is not actively controlled. However,

29
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thermostatic valves can limit the flow through specific sections of the system depending
on radiator dimensioning. The energy transmitted from the radiators to the room is thus
primarily related to the radiator supply temperature.

This control method presumes that the primary supply temperature is hot enough
to meet the temperature demands defined by the relationship between the outdoor and
radiator supply temperatures. This is usually not a problem as the temperature of the
primary supply temperature is also normally increased by the heat producer at falling
outdoor temperature in a manner similar to the way the radiator supply temperature is
set; see also Figure 4.1.
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Figure 4.1: Supply temperature curves. Blue - primary supply temperature. Green - radiator
system supply temperature.

Limitations

To achieve the highest possible ΔT across the substation, the radiator system flow and
radiator supply temperature must be carefully calibrated according to changing condi-
tions (primarily outdoor temperature) and physical prerequisites of the heating system.
This can be achieved using the traditional control method described above, if it is cali-
brated using the “low-flow calibration” method (l̊agflödesinjustering in Swedish)[2]. To
calibrate the radiator system according to the “low-flow method”, the flow in the radiator
system is lowered using a limiting valve or a speed controllable circulation pump until a
maximum ΔT is obtained at stable conditions.

However, to make this work as intended with varying outdoor temperature, the static
relation between outdoor temperature and ideal radiator supply temperature must be
known in advance. This relation can for instance be obtained from the heat producer,
but is however only a rough approximation of the reality. This is further discussed
in [42] where measurements of this is presented. By simply measuring the primary
supply temperature and using the information to compensate or base the radiator supply
temperature can make a difference in terms of the ΔT. Today, the primary supply
temperature is measured in all district heating substations, but it is however only used
for billing purposes, and not shared with the control system. See Section 4.1.2, Paper
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C and G regarding integration and usage of primary supply temperature information in
space heating control.

4.1.2 Primary Supply Temperature-based Control

In Paper C we propose an alternative way of controlling the radiator system, where the
radiator supply temperature is set based upon the primary supply temperature. By using
this approach we move away from the static relationship between outdoor temperature
and radiator supply temperature. This does however mean that the radiator system flow
must be controlled to maintain a stable indoor temperature; see also Paper G for an
experimental setup and evaluation of the control strategy.

The idea with this control method is to utilize the available heat (exergy) in the
best way possible. Simulation results indicate that an increased ΔT can be achieved
compared to the traditional approach, when the assumed static relation between outdoor
and primary supply temperature diverges, i.e., when the real primary supply temperature
deviates from the expected primary supply temperature.

4.1.3 Adaptive Approach

Researchers at Lunds University have done studies on how to automate low-flow ad-
justments using an iterative/adaptive approach, showing promising results [43, 44]. The
method requires the ΔT or at least the primary return temperature to be measured by
the control loop.

4.1.4 Other

The heat transfer from the primary to the secondary side of the substation can also be
controlled using the measured heat demand [45]. Substations from NordIQ [46] utilizes
this principle on the hot tap water circuit. The temperature and flow of the cold incoming
water is measured and the requested hot water temperature is known (e.g., 55◦C). The
energy required to heat the incoming cold water to the set temperature can then easily
be calculated. By adjusting the valve at the primary side according to the heat demand
from the secondary side, the correct heat flow can be established. This control concept
requires additional measurement on the both primary and secondary side of the heat
exchanger(s).

The technique is claimed to be quicker than a regular PI(D)-controller, and the ad-
vantage is obvious in tap water applications, where a rapid control is advantageous. In
a radiator system, the temperature changes much slower than in a tap water systems;
thus, the advantages are more limited.

The load balance approach described by Wernstedt et. al. [47, 48] uses the thermal
time constant of the connected buildings to even out the heat load in the district heating
system by temporarily reducing the thermal power transmission to the space heating
systems in some buildings. The large thermal heat constant in the building contributes
to maintaining a reasonably stable indoor temperature even though the heat supply is
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limited or obviated for a short period of time. The result of the method is increased ΔT
and reduction of peak power production.

In a similar way, a variable price rate of heat could be used to automatically limit
the heat usage while the heat price is high, e.g., during peak load production. Correctly
calibrated, this will have a marginal affect on the indoor temperature, but will lower the
customer’s heat bill and simultaneously reduce the need for the energy company to start
peak load plants; see [49] for details.

4.2 Integration of WSN in DH Substations

To physically integrate the wireless sensor platforms into the devices in the district heat-
ing substation, simple interface electronics and mechanics were needed. All devices need-
ing to be interfaced (circulation pump, heat meter, control valve etc.) had different kinds
of “module-slots” for accessory hardware. These slots were used to integrate the wire-
less sensor platforms with the main hardware, see Figure 4.2 for an example showing an
internal sensor platform interface in a Kamstrup Multical 601 heat meter.

To establish communication with sealed heat meters or other hardware with infrared
communication interface, a custom infrared “eye” for the WSN platform was developed;
see Figure 4.3 and 4.4 for pictures of the device.

To enable Internet access to the WSN, a specialized WSN access-point/edge-router
was developed in a Master’s thesis project at EISLAB. The purpose of the project was
to support the WSN-related research at the division. The result of the project is a
lightweight embedded computer running �CLinux [50] with all features required for a
WSN access-point in DH-usage. Unfortunately the Master’s thesis had not been com-
pleted at the time I wrote my thesis, so no reference can be given. A picture of the access
point can be seen in Figure 4.5. The most important features of the device are specified
below.

� Ethernet

� GPS

� 3G/GPRS

� IEEE 802.15.4 (2.4 or 868/915MHz)

� Bluetooth

� Memory stick interface
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Figure 4.2: Serial WSN plaftorm interface in a Kamstrup Multical 601 heat meter.

(a) Infrared interface, front. (b) Infrared interface, back.

Figure 4.3: Infrared interface used to establish wireless communication with sealed heat meters.
In (a), the Mulle WSN-platform [51] is visible.



34 District Heating Substation Functionality

Figure 4.4: IR-interface mounted on a Kamstrup Multical 601 heat meter.

Figure 4.5: WSN Edge-Router with features such as 3G/GPRS, Ethernet, GPS, IEEE 802.15.4
(868 MHz or 2.4 GHz), Bluetooth and memory stick slot. The operating system running on the
edge-router is �CLinux.
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4.2.1 Concept Installation

To test the concept of using Internet Protocol (IPv6) at key devices in a district heating
substation, a detached house with a parallel coupled DH-substation was retrofitted with
IPv6-enabled wireless sensor platforms, see Figure 4.6 for a schematic overview of the
substation before and after the WSN integration (in the concept installation the tap-
water heating was controlled by a self-acting AVTQ valve).

Both 868MHz and 2.4GHz radio modules were used to evaluate communication range
and functionality. The setup showed that the 868MHz modules were clearly superior to
the 2.4GHz modules, at least in this particular installation. See also Paper E for further
installation information regarding this installation.

(a) Traditional substation (b) Wireless concept substation

Figure 4.6: The figure shows the sectioning of a traditionally substation (a). In contrast, figure
(b) shows the abundance of sectioning when a WSN-solution is used.

4.3 Substation Simulation Model

In my research contribution on district heating substation control, a simulation model
based on physical relation was extensively used. The model has been used, developed
and improved over time by several other PhD-students and academic staff at several
universities. See, [52, 53, 54, 55] for some examples of where various versions of the
model has been used and developed. See also Paper A for a more detailed description of
the model.



36 District Heating Substation Functionality

PI-controller Used in WSN Setup

The simulation model was used to configure a PI-controller for the space heating system
in the targeted system. To find suitable control parameters for the PI-controller, the
slew-rate, dead-band and minimum step size of the real-world actuator/valve had to be
taken into consideration in the simulation model (in addition to the heat exchanger size,
radiator flow speed etc.). See Appendix 4A for details on control parameter identification.

Chapter Summary

In this Chapter, I have described how the use of WSN can support the development
of smart control in district heating substations. Even greater potential for system-wide
optimization is achievable if the distributed WSNs can cooperate towards a common goal.
In the next Chapter, a service-oriented architecture (SOA) is proposed and presented with
the aim of supporting integration of WSNs in a large-scale context.
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4A Controller Development Process

To find suitable parameters for the PI-controller used to control the radiator supply
temperature, the simulation model of the district heating substation was used. The
following procedure was performed to identify the control parameters:

Find the transfer-function of the heat exchanger.

To find a relationship between primary flow (ṁp) and secondary side output tempera-
ture (Trs), the other parameters involved (primary supply temperature, Tps, radiator-/
secondary side- flow, ṁs and radiator system return temperature Trr) were kept constant.

A step signal, going from 0% to 80% was used as input into the valve actuator. As
the valve actuator can not instantaneously achieve this change, a rate limiter was added
to the simulation model to represent the slew-rate of the actuator. Measurement showed
that the slew rate of the Siemens SQS65 [56] actuator to be approximately 1/40 per
second.

The simulated primary flow (ṁp) and responding radiator system supply temperature
(Trs) (step response) are indicated by red lines in Figure 4.7.

To find the approximate transfer function of the heat exchanger, the Mathworks Sys-
tem Identification toolbox was used. The step signal was used as input, and the simulated
output, Trs (seen in Figure 4.7b) was used as output to the System Identification tool-
box. Using a second-order process model to estimate the process, resulted in a 96.73%
fit, which is assumed to be good enough for this case. The resulting estimated process
model for the heat-exchanger was obtained from the System Identification toolbox using
the prediction error method and can be viewed in equation (4A.1).

G(s) =
60.5

(1 + 21.3s)(1 + 21.3s)
(4A.1)

Identify PI-controller parameters.

A PI-controller,

C(s) = K · (1 + 1

TIs
), (4A.2)

was chosen to control the radiator supply temperature. To find the control parameters
(K and TI) the Matlab Root Locus tool was used. In addition to the process (G(s)), the
thermal time constant of the temperature sensor,

H(s) =
1

20s+ 1
, (4A.3)

was also modeled.
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Figure 4.7: Transfer function of heat exchanger. (a) Primary flow through valve actuator. (b)
Radiator system supply temperature.

Inserting H(s) and G(s) in the root locus tool and manually placing the pole(s) and
zero(s) of the controller, the step response can be studied simultaneously as the poles
are moved. When a suitable step response is found, the corresponding controller is also
presented in the program. The mathematical representation of the resulting PI-controller
can be viewed in equation (4A.4).

C(s) = 0.000215 · (37s+ 1)

s
(4A.4)

Discrete implementation of PI-controller

The PI controller was implemented using an Embedded Matlab block in the Mathwork
Simulink environment. This approach was chosen for easier transfer of the controller
software to the target system (c-program on a wireless sensor platform).

An anti-windup and output limiter were also implemented in the controller. The PI-
controller written in matlab-code can be seen in Figure 4.8. The assembled simulation
model of the PI-controller, heat exchanger and temperature sensor can be viewed in
Figure 4.9.

4A.1 Model validation

While implementing the new PI-controller during summertime, when no space heating
was needed, the possibility to verify the simulations without affecting the indoor tem-
perature noticeable was given. Using the setup shown in Figure 4.10, the simulated
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function [nu, nI, nerr] = PID(err, pu, pI, perr)

h = 1; K = 0.000215; Ti = 37; % control parameters

% Anti windup

if (pu >= 1)

tempI = 1;

elseif (pu <= 0)

tempI = 0;

else

tempI = pI + err*h;

end

tempD = (err - perr)/h;

%PID controller

tempu = K*(err + (1/Ti)*tempI);

% Limit output

if (tempu >= 1)

nu = 1;

elseif (tempu <= 0)

nu = 0;

else

nu = tempu;

end

nI = tempI;

nerr = err;

Figure 4.8: Embedded-Matlab implementation of PID-controller.

Figure 4.9: Model of the substation space heating part.

experiments were reproduced in reality. The results are plotted with dash-dotted lines
in Figure 4.7, where the simulated results are also plotted as reference. In Figure 4.7a,
the retardation of the real flow is caused by the heat meter measuring the flow. The
heat meter only updates its readable registers after a fixed amount of fluid has passed
through the flow-meter; thus it appears as if the flow is delayed. The same phenomenon
can be seen in Figure 4.7b where the Real temperature, also measured by a Kamstrup
Multical 601 heat meter, is delayed. The Real, clamp-on temperature, also plotted in
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Figure 4.10: Measurement setup, where K1 and K2 are Kamstrup Multical 601 heat meters, T
is a clamp on DS18B20 temperature sensor and V is the control valve.

4.7b, is clearly damped and needs to be processed before it is used as feedback to the
controller.



Chapter 5

Systems & Services

To coordinate the district heating system, involving thousands of sensors scattered
throughout the distribution system, a high-level data acquisition and control system is
required. Flexibility and configure-ability are very important factors when creating large-
scale WSN installations, as re-installation and manual upgrades can be very costly. In this
chapter a service-oriented architecture approach is presented, where the district heating
systems information infrastructure is envisaged as a system of systems.

5.1 System of Systems & System Optimization

A district heating system is a fundamentally simple design, but in reality a complex
creation with several independent yet interdependent parts that can affect each other.
Optimizing fuel efficiency and maximizing profitability in district heating systems are
complicated tasks. Changing parameters or functionality of one section/subsystem in
the DH system will affect other parts of the system in a possibly contradicting way to
the initial purpose. Thus, a large-scale monitor/surveillance system is required to quickly
identify defects and weak points in the district heating system.

The district heating system can be viewed as a system of systems, where sensors(platforms)
found in substations, production processes, distribution networks but also external fac-
tors such as electricity and fuel pricing can be seen as interdependent subsystems. To
make an overall system optimization possible, it is thus important to involve and evaluate
as many subsystems as possible in the overall control strategy. In Figure 5.1 a district
heating system is visualized as a system of systems, with several interacting subsystems.
The gray dashed oval indicate the boarder of the district heating system. Subsystems
found outside the gray oval represents external factors that the energy companies has to
adapt to. There are for sure additional subsystems that in one way or the other also are
connected with the district heating system which are not depicted here.

Until recently, integration of all subsystems have not been possible since the commu-
nication infrastructure has been limited and expensive. Over the last decade there has
been some progress on system-wide optimization, as the Internet has became available

41
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Figure 5.1: The figure depicts a DH system in a large context. The gray dashed line indicates
the boarder of the DH-system.

at an affordable price in embedded devices. Two examples of commercial products for
large-scale optimization purposes in DH systems that uses IT-solutions available today
are the Termis system from 7-Technologies [31] and the “Load control concept” from
Noda Intelligent systems AB [57]. The 7-technologies product called Termis measures
distribution-temperatures throughout the system and uses this information to run the
production plant/distribution pumps in a dynamic way, instead of the traditional static
relations between outdoor- and primary supply temperatures. Noda Intelligen Systems
AB also has solutions that rely on Internet communication to improve system perfor-
mance. Their control system is used to reduce heat load peaks and increase ΔT by
temporarily limiting the space heat usage at buildings with an identified thermal time
constant [47, 57, 58].

These “control” systems do still only involve a fraction of all interacting subsystems
found in a district heating system. By using the WSN approach, where thousands of
sensors installed in DH-substations (and production plant(s)) a more detailed picture
of the system is achievable. To realize large-scale WSN-implementation that produces
a huge amount of data, a robust but yet flexible and dynamic data-handling system is
required.

With an Internet-enabled WSN integrated in a DH-substation such as that presented
in Paper E, control solutions like the ones from 7-technologies and Noda are possible
to implement without additional vendor-specific hardware. However, to obtain system-
wide optimization, the sensor information must also be integrated with production and
business models at a high-level. To achieve such integration is challenging. One pos-
sible method of accomplishing this is by using Service-Oriented Architecture (SOA), a
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technology already widely adopted at the enterprise level in a majority of industry areas.

5.2 Service-Oriented Architecture (SOA)

With a solid network foundation consisting of wireless sensor networks that are online
24/7, high-level software architecture is needed to utilize the full potential of the net-
work functionality. The TCP/IP suite enables world wide sensor communication over
the Internet, however, the system functionality will not benefit from this unless the soft-
ware solutions can communicate on an application level. This is where the concept of
service-oriented architecture (SOA) can contribute to large-scale communication frame-
work whereby sensors and computers can form new services as they are invented or
needed.

Service-oriented architecture is a design principle for computer system development
and integration. SOA design principles promote interoperability between services and
platforms independent of programming language, platform architecture, operating sys-
tems, etc.. SOA systems often utilize XML or other markup language to describe mes-
sages and service interfaces, see [59] for details on XML use in SOA-context.

5.2.1 SOA on Sensor Nodes

Available SOA systems in use today are primarily designed to work in an environment
of powerful computers with high-bandwidth network connections, features that are not
available at the resource constrained sensor platforms integrated in a DH-substation.
Research on integration of embedded systems (sensor platforms) with enterprise level
systems has until recently mostly included some form of middleware running on a gateway
device, separating the sensor communication protocols from the protocols used in other
parts of the system, see for example [60, 61]. The main advantage of utilizing this
methodology is that the computational load on the resource-constrained sensor platforms
is reduced when simple binary protocols are used behind the gateway. The main drawback
of the middleware solution is that it introduces extra complexity to the system, with
additional protocols and special gateway solutions to maintain.

However, there is also research on how to integrate SOA all the way down to the
embedded domain, where we find most WSNs. The process industry has for years urged
interoperability between sensor and actuator devices of different vendors as well as direct
integration with operational level software.

Manufacturing and process industries have for several years requested non-proprietary
solutions to integrate the embedded systems found at the production level with their en-
terprise system. These requirements highly motivates the evaluation of SOA technology.
Several large EU-research programs (Sirena[62], Soda[63] and Socrades[64]) have also
supported the development of SOA towards the embedded domain.

In Papers F and H we present and evaluate the concept of using SOA all the way down
to the resource-limited devices (sensor platforms) without any middleware. In Paper H,
we utilize the message semantics and syntactical rules described by the OGC Observation
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& Measurement standard [65] to implement a few fundamental sensor service requests
and responses. The messages are encapsulated in SOAP packets and sent over UDP using
the SOAP-over-UDP standard [66]. The messages were binary encoded using the EXI-
standard [67]. The result shows that it is possible to use SOA on a resource constrained
device, enabling future research on large-scale integration of SOA on device.

5.3 Large-scale Sensor Deployment

Deployment of several thousand sensor platforms throughout a complete district heating
system will require a number of features of the system to reduce the risk of expensive
hassle. Some of them are:

� The system (individual platforms and complete system) must be remotely re-
programmable.

� Plug and play connectivity, to simplify the configuration procedure.

� Services should be re-usable for a multitude of purposes and creation of other
services

� Devices should provide universal services, independent of programming language,
operating system and hardware architecture.

A word that I find useful to describe the above statements is “evolvability”, meaning
that a system should be able to evolve in response to future innovations and requirements
without necessarily installing new hardware.

A feasible approach to achieve such functionality through the development of agile ap-
plications where loosely coupled services creates high-level service functionality through
service orchestration. Related research on large-scale orchestration of services and en-
terprise integration of production plant systems can be found in e.g., [68, 69, 70]. The
approached problems and solutions in these papers are mainly related to process and
production industry, but great similarities with the district energy field exists, see also
Figure 5.2.

5.4 Customer and Heat Supplier Services

With SOA-enabled devices in all district heating substations in a DH-system, new services
for customers and heat suppliers could be dynamically developed and evolve over time.

With a SOA conceptual modeling approach in mind, an example of what a possi-
ble district heating system service model for distribution and substation might look like
is shown in Figure 5.3. The dashed lines are examples of possible service levels. Ba-
sic low-level services are implemented in the re-programmable devices measuring, e.g.,
temperature, flow and humidity, or actuator units like pumps and valves. These basic
services can in turn form other services, like heat measurement and space heating control.
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Figure 5.2: General architecture of a process control system (Source: Karnouskos et. al. [68]).
In district heating system, field devices can be heat meters, control valves and other devices
found in the substations. In parallel, field devices found in heat plants can also be integrated in
the same network, creating great possibilities for system-wide optimization and control.

Further, these services can be used to form property-wide services, like total energy usage
and heat supervision. Services for system-wide supervision and operation of complete
blocks of houses, or section of the distribution network can be created utilizing underly-
ing service levels. Cross-layer services utilizing services from different service levels are
also possible.

Using service description and service discovery where devices can present and adver-
tise their functionality, the introduction of new services to an existing system can be
simplified. This is further exemplified in [71] and [72].

Depending on service functionality, the service might be more or less interesting for
customers or heat producers and can thus be customized thereafter. The services can
be presented to end customers via web pages or smart-phone applications, or integrated
with existing enterprise systems at the heat producers. In Figure 5.3, I tried to model
the service architecture for a district heating system, where the traditional “enterprise”
level is expanded to include services all the way down to sensors in customer substations.
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Figure 5.3: SOA model of sensor integration in a district heating system. The dashed lines
indicate suggested service levels.



Chapter 6

Summary of Papers

During my years as a Ph.D. student I have written and co-authored a number of
scientific publications. Some of them are attached to this thesis and some are excluded.
Below I give a short summary of all the papers I have been involved in writing.

6.1 Papers Included in Thesis

Paper A : Thermodynamic Simulation of a Detached House with
District Heating Subcentral

Authors: Jonas Gustafsson, Jerker Delsing, Jan van Deventer

Published: Proceedings of the 2:nd Annual IEEE Systems Conference, Montreal, Canada,
April 2008

Summary: The paper presents a thermodynamic model of a building connected to a
district heating network. The model is implemented in the Mathwork Simulink
environment. Thermodynamic behavior for key components in the district heated
building is explained individually.

The assembled simulation model was tuned to resemble a real-world single family
house including heat exchangers, wall dimensions, window area, ventilation, inter-
nal mass dynamics etc.

The results indicate a realistic behavior of the model.

Personal contribution & reflection: My personal contribution to the paper is in ad-
dition to writing, developing and explaining of the simulation model.

This paper is the result of my first encounter with thermodynamics as a Ph.D. stu-
dent. Unfortunately there is an error in the title of the paper; the word “subcentral”
should be read “substation”.

47
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Paper B : Validation of a District Heating Substation Model using
a Wireless Sensor Network Approach

Authors: Jonas Gustafsson, Jerker Delsing, Jan van Deventer

Presented: IDEA 99:th Annual Conference & Trade Show, Orlando, USA, July 2008

Summary: The paper describes the experimental setup and validation process of the
simulation model described in Paper A. Flow meters and temperature sensors were
installed to monitor tap water and space heating usage independently. All data were
sampled at 1Hz, which means even the shortest tapping was recorded. All communi-
cation with flow-meters and temperature sensor was established using standardized
wireless technology, specifically Bluetooth and WiFi.

The result of the paper confirmed the initial results from Paper A, namely; that
the simulation model does have a realistic behavior.

Personal contribution & reflection: My contribution to the paper was the develop-
ment of data acquisition software and the setup and maintenance of the wireless
system. I was also the principal author of the paper.

Paper C : Improved District Heating Substation Efficiency with
a new Control Strategy

Authors: Jonas Gustafsson, Jerker Delsing, Jan van Deventer

Published: Elsevier Applied Energy, vol. 87, no. 6, pp. 1996–2004, 2010

Summary: The heat meter has traditionally been used solely for billing purposes. In
this paper we describe a new possible application for heat meters. An alterna-
tive radiator system control is presented where heat meter information is used to
improve ΔT.

The conceptual idea is to use the primary supply temperature as an information
source to decide the radiator system supply temperature. In an ideal world, the
primary supply temperature can be predicted from the outdoor temperature (ex-
cluding summertime); however this is not the case in reality. Deviations between
expected and real primary supply temperatures will have a negative impact on the
ΔT.

Simulation results showed that an increased ΔT can be achieved, using the primary
supply temperature method, when the primary supply temperature deviates from
the expected temperature.

Personal contribution & reflection: In addition to be the main author, I also had
the original idea of using the primary supply temperature in the radiator control
system.
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I find that this paper really responds well to the first research question in the thesis
and to the initial purpose of my research project.

Paper D : Independence and Interdependence of Systems in Dis-
trict Heating

Authors: Jan van Deventer, Jonas Gustafsson, Jens Eliasson, Jerker Delsing, Henrik
Mäkitaavola

Published: Proceedings of the 4:th Annual IEEE Systems Conference, San Diego, USA,
April 2010

Summary: The paper presents ideas on how service-oriented architecture (SOA) and
system of systems approaches can be used to increase customer quality of service
and to increase system performance. The ideas presented rely on the functionality
of a wireless sensor network, integrated with the district heating substation. Further
ideas on interoperability with other systems, such as ventilation, are also presented.

The paper concludes that there is a great potential for system optimization using
a wireless sensor network with SOA capabilities in a system of systems fashion.

Personal contribution & reflection: My contribution to this paper is some ideas,
discussion and knowledge on how district heating from a macro perspective could
benefit from smart solutions at the substations. Ideas presented in this paper have
to some extent been implemented; for example, please see Paper H.

Paper E : Integration of an IP based Low-Power Sensor Network
in District Heating Substations

Authors: Jonas Gustafsson, Henrik Mäkitaavola, Jerker Delsing, Jan van Deventer

Published: Proceedings of the 12th International Symposium on District Heating and
Cooling, Tallin, Estonia, September 2010

Summary: In this paper we integrate a fully IPv6-compatible wireless sensor network
in a district heating substation. Sensor platforms are integrated in all key devices
found in a substation, e.g., temperature sensors, control valve and heat meter. The
system supports both space heating control and monitoring over IPv6, which means
that the substation devices can be remotely controlled and monitored world wide.

The sensor network also constitutes a completely reconfigurable platform for space
heating control, tests and evaluation.

The paper proves that it is possible to utilize standard next-generation Internet
protocols all the way down to the sensor/device level in district heating substations.
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Personal contribution & reflection: I am responsible for the technology architecture
used in the setup. I also designed the hardware interfaces and conducted the
measurements. I am also the main author and artwork creator.

Paper F : Integration of Wireless Sensor and Actuator Nodes
with IT Infrastructure using Service-Oriented Architecture

Authors: Rumen Kyusakov, Jens Eliasson, Jerker Delsing, Jan van Deventer, Jonas
Gustafsson

Submitted to: IEEE Transactions on Industrial Informatics

Summary: This paper presents the technical details needed to make service-oriented
architecture (SOA) functional on large-scale systems integration in wireless sen-
sor networks (WSN). The paper also discusses alternative solutions where gateway
solutions running on more capable devices that supplies SOA functionality exter-
nally while the communication within the WSN uses specialized communication
protocols.

A proof of concept where a simple SOAP web-service is implemented on a WSN-
platform is also presented.

Personal contribution & reflection: My contribution to the paper includes discus-
sions on possible usage in district heating systems. I also shared experiences and
inputs regarding how SOA can be developed for large scale integration in the district
heating industry.

Paper G : Experimental and Simulation Evaluation of Radia-
tor Control Based on Primary Supply Temperature in District
Heating Substations

Authors: Jonas Gustafsson, Jerker Delsing, Jan van Deventer

Submitted to: Elsevier, Applied energy

Summary: In this paper, the WSN-setup described in Paper E is used to implement
the primary supply temperature based control described in Paper C. Ideas on how
the flow in the radiator circuit should be controlled to maintain a stable indoor
temperature are also presented.

Our results show that it is possible to control the space heating system using the
primary supply temperature as a set-point source for the radiator system supply
temperature. The ΔT was however only marginally affected. The experimental
setup using 6LoWPAN/IPv6 further proves the stability and functionality provided
by the communication standard.
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Personal contribution & reflection: I am the main author of this paper and founder
of the control strategies described in the paper. I was also responsible for the
operation and maintenance of the system.

I find this paper interesting from two perspectives: first the results from using the
primary supply based radiator system control, but also the long-term (5-month)
continuous usage of the 6LoWPAN approach.

Paper H : Limitations to a System of Systems Approach based
on Service-Oriented Architecture with Applications for District
Heating

Authors: Jonas Gustafsson, Rumen Kyusakov, Jerker Delsing, Jan van Deventer

Submitted to: IEEE Systems Journal

Summary: Using high level protocols, such as SOAP, will involve extra overhead and
load on the devices communicating. On cheap and resource constrained devices
such as WSN-nodes, the extra overhead has until recently been consider too large
to even considering using SOA on such devices. This is the main limitation to large
scale integration of SOA on device.

In this paper a binary XML representation (EXI) is used to limit the message size,
and hence reduce the time, memory and energy overhead introduced by high-level
protocols.

The results indicate that it is possible to use SOA solutions in WSN setups where
the real-time constrains are limited.

Personal contribution & reflection: I am the main author and responsible for the
measurement and application descriptions. I find this paper to be a milestone in
SOA-implementation on WSN nodes. This paper enables future research on SOA
on device, not only within the field of district heating, but also in other industries,
such as process automation, where the demand for SOA on device might be even
higher.

6.2 Additional Papers and Research Contributions

Paper I : Wireless Infrastructure in a District Heating Substation

Authors: Jan van Deventer, Jonas Gustafsson, Jerker Delsing, Jens Eliasson

Published: Proceedings of the 3:rd Annual IEEE Systems Conference, Vancouver, Canada,
March 2009
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Summary: The paper presents a Bluetooth-based wireless sensor network setup in a
district heating substation. Bluetooth-enabled wireless sensor network platforms
were integrated in the heat meter, radiator system circulation pump, control valve
and temperature sensors. The PANU Bluetooth profile was used to enable TCP/IP
communication to the sensor platforms.

The paper showed for the first time that TCP/IP communication is possible to use
in a WSN embedded in district heating appliances.

Personal contribution & reflection: My contribution to the paper is in architectural
design, implementation and figure artwork.

The Bluetooth technology used in this paper was later replaced in favor for the
IEEE 802.15.4 due the latter’s to better performance, but since this was the first
successful wireless district heating substation installation I still think this paper
presents a unique solution.

Paper J : A Service Oriented Architecture to Enable a Holistic
System Approach to Large System Maintenance Information

Authors: Jerker Delsing, Jonas Gustafsson, Jan van Deventer

Published: Proceedings of the International Conference on Condition Monitoring and
Machinery Failure Prevention Technologies, Stratclyde upon Avon, Storbritannien,
June 2010

Summary: The paper exemplifies how a service-oriented architecture can be used for
multiple purposes within the district heating industry using a wireless sensor net-
work approach. Comparisons to the process industry are also made in the paper to
further show the advantage of using holistic “non-static” couplings between devices.

Personal contribution & reflection: The paper is excluded from the thesis enclosure
because I find the concluding content of the paper being described in more detail
in other sections of the thesis. My part in this paper is marginal, consisting mainly
of discussions on how SOA can be used within district heating.

Paper K : Controlling District Heating Load through Prices

Authors: Jan van Deventer, Jonas Gustafsson, Jerker Delsing

Published: Proceedings of the 5:th Annual IEEE Systems Conference, Montreal, Canada,
April 2011

Summary: In this paper the idea of affecting the heat usage(load) through a variable
heat price is presented. Heat load peaks in district heating systems often imply
that fossil-fueled heat load plants must be taken into use. The cost of running
peak-load plants is often high, which contributes to increasing the average heat



6.2. Additional Papers and Research Contributions 53

price for customers. If the heat load could be limited so the peak production was
minimized or removed, savings for both customers and heat producers would be
possible.

By communicating the current heat price to the substation, automatic heat saving
programs can be implemented in the substations to lower the heat usage for a
limited time, or until the indoor temperature falls below a specified temperature.
This can minimize or prevent the use of peak-load plant usage.

Personal contribution & reflection: I assisted with simulations and discussions re-
garding the conceptual idea. I find this paper to present an interesting approach
to how new technology can influence energy usage.

Report : Integrerad Energimätning och Reglering i en Fjärrvärme-

central

Authors: Jerker Delsing, Jan van Deventer, Jonas Gustafsson

Published: Swedish District Heating Association (www.svenskfjarrvarme.se)

Summary: The report summarizes the district heating research at EISLAB funded by
the Swedish District Heating and Cooling Association from 2005 to 2009.

The report includes results from my two first years as a PhD-student.
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Chapter 7

Conclusions

The work presented in this thesis focuses on tools and methods to optimize system
ΔT and support the development of new services in district heating systems. In this
concluding chapter, my research contributions are concluded and a brief discussion on
future work is provided.

7.1 Conclusion

My work demonstrates that it is possible to use WSN and SOA technology to address a
number of current issues in a DH system. The generality of these technologies enables
system evolvability. Thus I conclude that a DH system utilizing WSN and SOA, has
a basic communication and information architecture that support easy incorporation of
new optimization, control and customer communication ideas.

Looking back at the research questions stated in the Chapter 1, I can conclude that
they all are possible.

� The ΔT can be improved by integration of heat meter in the substation control

– Paper C & G.

� Wireless sensor network can be used to serve smart metering and control.

– Paper B, D & G.

� It is possible to integrate high level service-oriented system directly on resource
limited devices, however, more research on large scale integration is needed.

– Paper F, H, J & K.
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7.2 Discussion & Future Work

The district heating industry needs new customer services and system functionality to
maintain their strong market position in Scandinavia and to increase their market share in
countries where the technology is not as well established. In this thesis, I have presented
technical solutions that can support both customer services and system efficiency. More
research, development and testing are required to make the solutions work in large-scale
systems. I really do hope that there is interest from the industry to support the future
development of large scale system integration.

In this thesis I have also presented a new control approach for radiator systems, using
the primary supply temperature instead of the outdoor temperature to set the radiator
system supply temperature. I do believe that even further optimization is achievable
through a combination of the two variables of outdoor and primary supply temperature.
Using both variables will create a set-point plane for the radiator supply temperature
that can be used to identify the optimal radiator supply temperature for all combinations
of outdoor and primary supply temperatures. The plane can be static like the traditional
control method, but could also be adaptively adjusted in an iterative manner. This is,
however, a subject for future research. If WSN and SOA solutions in district heating
substation become reality, new control strategies such as the one suggested will be easy
to deploy on a large scale to quickly reach great impact.
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Thermodynamic Simulation of a Detached House

with District Heating Subcentral

Jonas Gustafsson, Jan van Deventer and Jerker Delsing

Abstract

A physical thermodynamic model of a detached house connected to a low-tempered
district heating network is presented. The model is created in Mathworks Simulink�
with a pedagogic approach in mind, e.g. masked subsystems divided in to physical
components. The house model is easily modified to any detached house. Provision is
also made to make it scalable to multi-family houses. The district heating substation
modeled is a parallel coupled plate heat exchanger, which is the most common substation
in smaller buildings such as villas. The purpose of creating the model was to provide a
platform for test and evaluation of new control methods for district heating system based
on wireless sensor networks. Initial validation of the model is presented.

1 Introduction

With the objective of testing new control theories for substations in district heating
systems this computer model was developed. Target systems are detached houses with
water-borne heating system. The work is based on earlier work by Wollerstrand, Persson,
Yliniemi and others [1], [2], [3]. Similar thermal simulations in Simulink have also been
done by others, for example [4].

This paper describes the most important parts of the model. The present work has
both improvement regarding the functional model as well as from a usability perspec-
tive. Such examples are masking of Simulink blocks and removal of huge configuration
files. The model overview has also been improved by re-arranging the blocks in a more
pedagogical way. The exterior walls, roof and floor have also been improved to act more
realistic to the type of houses it is created to resemble.

With continuously increasing energy demand worldwide and global warming as its
side effect, increased energy efficiency in present and future energy supply chains is
an important issue. District heating (DH) has proved to be an environmental friendly,
reliable heat-energy source suitable for all relatively dense populated areas in cold climate
zones. The heat-energy is often a by-product of industrial processes or electrical power
production [5], [6], [7]. In the case that the energy is a bi-product from a power-plant, the
plant is normally referred to as a combined heat and power plant (CHP). The waste heat
produced in the electricity production is cooled in the district heating network, hence it
is important to have good cooling capability in the DH network, to keep the efficiency
high. Combined heat and power plants normally have a total fuel efficiency around 80%
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(includes heat energy), which can be compared to a regular power plant that has an
efficiency of around 40% [5], [7], cf. Fig. 1. This makes district heating a cheap, reliable
and environmental friendly heat energy technique that is commercially available today.
The heat in a DH system is transported to its customers through extensive underground
pipe networks by water or steam.

At the customer, the energy is usually transferred to a house internal radiator and
tap water system in a so called district heating subcentral/substation (DHS), see Fig.
2. There are several different types of DHS’s, the most common versions in Sweden
are the two-stage coupled and the parallel coupled versions. Two-stage substations are
primarily used in buildings with larger energy demands, such as apartment buildings and
industries. In smaller buildings such as detached houses, the parallel version is preferred
as it is more compact and cheaper to produce and install. The tendency on the Swedish
market is that parallel substations are used more frequently even in buildings with larger
energy consumption [8]. In this article, we have focused on parallel coupled substations.

In Sweden and other countries in the Northern Europe, the total heat-energy con-
sumption for each building connected to the district heating network is measured and
billed for. The energy meter measures the primary flow, incoming water temperature and
returning temperature (their difference being referred as ΔT ) of the DHS, and calculates
the energy consumption according to (6). There are different ways to debit the used
energy, one of the most fair and reasonable energy tariffs is the flow-dependent debit. By
using flow-dependent tariffs, the customer get rewarded with a smaller energy bill when
keeping a low primary flow (high ΔT ) through the substation. This is also what the
energy-companies need, as they will receive cooler water back from the district heating
network and can expand their network with more paying customers without increasing
the power in the CHP or add extra energy sources to the net. To maximize the profit
for the energy companies, the temperature drop in the DH-system should be as big as
possible over the subcentral. Energy losses in the distribution network are unavoidable
but are minimized by using well-insulated pipes. It is furthermore beneficial to keep
the temperature level in the network at a moderate level so the temperature gradient to
the surrounding material is kept at a reasonable level. Low tempered systems with an
outgoing temperature between 70 and 110◦C are found to be energy efficient, and are
hence used at a large extent.

�

�

�

Figure 1: Energy efficiency of combined heat and power plant (CHP).
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Figure 2: Parallel coupled district heating substation.

By increasing the temperature drop (ΔT ) over the DH subcentral the customer will
in the case of flow-dependent energy tariff be rewarded with a smaller energy bill, as the
same amount of energy can be transferred with a lower flow, (see (6)). The financial
winnings for the energy companies are that they can expand the DH network to include
more paying customers and get a bigger market share. The environment is also affected
in a positive way as the energy being used more efficient, and hence the CO2 emissions
will be limited.

Today’s subcentral control systems does not consider the primary temperatures (ΔT )
as they normally are not monitored by the heating control system. Currently, the control
system look at the temperature of the radiator circuit and control the valve limiting the
flow of the primary circuit through the heat exchanger. However, the primary tempera-
tures are measured by the energy meter. If the information from the energy meter would
be shared with the control system, the primary return temperature could be considered
allowing an active control to enhance ΔT . This would further more improve the pre-
requisites for error detection in the distribution network and substations. Our idea is to
introduce the energy meter data to the control system using wireless sensor networks.

2 Theory

The advantage of this model is that it encapsulates the dynamics or time changing aspect
of heat storage. That is when the weather changes, the indoor temperature does not
change instantly but follow the laws of physics. The thermodynamic behavior is achieved
by physical modeling of the essential parts in a DH connect detached house, such as walls,
radiators, heat-exchangers and control systems. The varying district heating supply water
temperature, to compensate for weather variations, is also taken into consideration and
modeled. Further improvements of the model would be, e.g. pressure disturbances
(pulsations) in the distribution network caused by several district heating substations
reacts simultaneously.

We choose to present some of the thermodynamic relations with direct comparison to
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Table 1: Nomenclature
aex Air exchange rate [kg/s]
A Area [m2]
cp Constant pressure specific heat [J/kg ·K]
C Electric capacitance [F]
h Heat transfer coefficient [W/m2 ·K]
I Electric current [A]
k Thermal conductivity [W/m ·K]
L Length/Thickness [m]

LMTD Logarithmic Mean [K]
Temperature Difference

m Mass [kg]
ṁ Mass flow [kg/s]
n Radiator constant [−]
q Heat current [W]
R Thermal resistance [K/W]

Electric resistance [Ω]
T Temperature [K,◦ C]
U Overall heat transfer coef. [W/m2 ·K]
V Electric voltage, volume [V, m3]
ρ Density [kg/m3]
σ Stefan-Boltzmann constant [W/m2 ·K4]
Θm True temperature difference [K]

Index
c Cold side
cd Conduction
cv Convection
fr Flow resistance
h Hot side
i Numeric index
in Inlet, indoor
int Interior
lc Lumped capacity
out Outlet, outdoor
r Radiation
sf Space heating forward
sr Space heating return
w Water, wall

electrical circuits, as most control engineers are electrical engineers. There is not enough
space to explain every detail of the model in this paper, so we have focused to explain
the most essential parts separately before assembling the whole system and show its
performance.

2.1 Thermodynamic fundamentals

The thermodynamic relations needed to form the thermodynamic model are briefly re-
called in this section.
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One-dimensional conduction

One-dimensional heat conduction can be derived from Fourier’s law in one dimension,
(1), where dT

dx
is the temperature gradient, and as the heat flows from high to low it

also brings the minus sign, k the thermal conductivity and A the area of the heat flow
section. Eq. (1) can be rewritten as (2), if the area and thermal conductivity is presumed
constant.

qcd = −kA
dT

dx
(1)

qcd =
kAΔT

L
=

ΔT(
L

kA

) =
ΔT

Rcd

(2)

Eq. (2) is analogous with Ohm’s law, where the heat current q corresponds to the
electrical current I, section conductive resistance Rcd to the electrical resistance R and
the temperature difference ΔT to the voltage V .

Lumped-capacity heating and cooling

The comparison to electrical calculations can also be used to show the similarity between
thermal heat capacity and electrical capacity. The electrical current through a capacitor is
described by (3). A heat current through a wall with theoretically no thermal resistance,
but heat capacity capabilities is described in (4), by comparing it with (3), one can clearly
see the similarities.

I =
dV

dt
C (3)

qlc =
dT

dt
cpm (4)

Convection

The thermal heat transport from a surface to a liquid or gas in motion or vice versa is
described in (5), where T1 and T2 are the temperatures of the interacting mediums.

qcv = hA (T1 − T2) (5)

Flow resistance

The power emitted by a flow of gas or liquid that does not undergo a phase change, but
a change in temperature can be calculated by using (6).

qfr = ṁcp (Tin − Tout) (6)
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Figure 3: RC equivalent circuit of a wall. Showing clearly the heat storage elements (capacitors)
and heat resistance (resistors).

Radiation

The radiation between two surfaces or between a surface and its surroundings is not
linearly dependent on the temperature difference like the conduction and convection.
The mathematical expression for radiation can be seen in (7). For smaller temperature
differences, (7) can be linearized to (8) according to [9]. There are also other methods
to calculate the radiative energy available, such as the Logarithmic Mean Temperature
Method that is described in section 2.3.

For more information regarding thermodynamic fundamentals, see [9], [10], [11].

qr = σAF
(
T 4
1 − T 4

2

)
(7)

qr = hrA(T1 − T2) (8)

where hr = σF (T 2
1 + T 2

2 ) (T1 + T2)

2.2 Thermodynamic building

The thermodynamic behavior of a building depends on several factors, such as size and
construction material. All the parameters that affects the thermodynamic behavior of
the model can easily be changed in this model by simply clicking the block of interest
and edit the parameter of interest.

External area (walls, roof, floor etc.)

The temperature between every layer of the wall can be calculated using Kirchoff’s current
law [12]. The wall can be looked upon as an electrical circuit, cf. 3, where the currents
corresponds to the heat current. Equation (9) show how the temperature of the inner
wall (T1) is calculated, corresponding calculations for internal wall sections is explained
in (10), eq. (11) provides the exterior wall temperature.

qcv = qcd + qlc (9a)
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Figure 4: One layer of the wall.

hin (Tin − Ti) =
ki
Li

(Ti − Ti+1) +
dTi

dt

(
cp,iρiLi

2

)
(9b)

dTi

dt
=

hin (Tin − Ti)− ki
Li

(Ti − Ti+1)

cp,iρiLi

2

(9c)

Where i = 1

ki
Li

(Ti−1 − Ti) =
ki+1

Li+1

(Ti − Ti+1) +
dTi

dt

(
cp,iρiLi

2
+

cp,i+1ρi+1Li+1

2

)
(10a)

dTi

dt
=

ki
Li

(Ti−1 − Ti)− ki+1

Li+1

(Ti − Ti+1)

cp,iρiLi

2
+

cp,i+1ρi+1Li+1

2

(10b)

Where i = 2 . . . (N − 1)

hout (Ti − Tout) =
ki
Li

(Ti−1 − Ti) +
dTi

dt

(
cp,iρiLi

2

)
(11a)

dTi

dt
=

hout (Ti − Tout)− ki
Li

(Ti−1 − Ti)

cp,iρiLi

2

(11b)

Where i = N

Each of the above explained thermal relationships can of course be created in Simulink,
see Fig. 4 for an example of how a single layer is realized in Simulink. The layers are
connected together to form a complete model of the wall, this can be seen in Fig. 5,
observe the second output of the first block that tells us what the current heat flow is.
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Figure 5: Four-layer wall model.
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Figure 6: RC-equivalent for thermodynamic interior.

Internal mass thermodynamics.

The thermodynamic interior, like inner walls and furniture can be compared with another
RC-net, see Fig. 6. Readers having knowledge in electronics will find it is easy to see the
similarities between the charging of a capacitor and the heating of an object.

The object is heated or cooled by the surrounding air by convection, it could also be
discussed if the direct radiative heat from the radiators should be included, but in section
2.3 we see that all heat from the radiators transfers to the indoor air. The mathematical
relations of the internal thermodynamics can be seen in (12) and a figure of a Simulink
realization can be viewed in Fig. 7. Observe that no consideration of thermal conduction
to external walls, floor and roof has been taken.

qcv = qlc (12a)

hintA (Tin − Tint) =
dTint

dt
(cp,intmint) (12b)

dTint

dt
=

hintA (Tin − Tint)

cp,intmint

(12c)

q [W]
1

dTb ,i => Tbi 1

1
s

-1

Ainner

Cp_b

Mb_int

hi

T i
1

Figure 7: Internal thermodynamics.
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Assembled building

When all the exterior and interior Simulink block are connected, we get the model shown
in Fig. 8. This represents the complete building of interest, in our case a two-floor
detached house with the sides measuring approximately 10 * 20 meters, which gives us
an approximate total ground area of 200m2. The house is of brick-wall construction and
is build on a slope so half of the bottom floor is under ground. As the house is located
in the far north of Sweden (not very far from the arctic circle), and the interesting
time of investigation is winter, we have not included sun-radiation as a part of the
heating. Internal heat sources like humans, computers and televisions etc. have though
been included and can easily be adjusted to fit the certain circumstances or lifestyles.
The internal heat sources is simply added to the “heat balance” (13), see also Fig. 8.
The air exchange rate in the building can also easily be adapted to suitable levels, in our
case this should probably be set to a very low level as the time of interest is winter and
there less than 5 people living in the house.

dT

dt
=

∑
(q)− aex (13)
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2.3 Radiator

We now consider the heating system within the house. The supplied power to the radiator
is described by (6), this can be adapted to support our application in a better way by
applying the Logarithmic Mean Temperature Difference (LMTD) method described in
[9], [10]. The LMTD describes the temperature difference between the surrounding air
and the water in the radiator along the radiator, see (14). By replacing the temperature
difference (T1 − T2) in (8) with the true temperature difference Θm, which in this case is
the LMTD we retain (15) where U is the overall heat transfer coefficient (see (16)) and
F is a correction factor depending on pressure, capacity rate ratio and flow arrangement
[9]. The correction factor could also be expressed as an approximate radiator constant
n, see (17). The radiator constant can be set to approximately 1.3 according to [13], also
see SS EN-442 [14].

In a static case the supplied power would be equal to the radiated power. But when
dynamics are introduced, the supplied power will not be equal to radiated power because
there is a thermal inertia in the system. Hence the lumped capacity equation (4) can be
used to describe this phenomenon.

When setting the difference between the supplied power and radiated power equal
to the lumped capacity (18a) it is possible to calculate the return temperature from the
radiator, see (18), and Fig. 9.

Θm = LMTD =
Tsf − Tsr

ln

(
Tsf − Tindoor

Tsr − Tindoor

) (14)

q = UAFΘm (15)

U =
1

1

hc

+
1

hh

+Rdc +Rdh

(16)

Where in this case Rdc = Rdh = 0

qr = UAΘn
m (17)

qlc = qfr − qr (18a)

dTsr

dt
mscp,w = cp,wṁs (Tsf − Tsr)− UAΘn

m (18b)

dTsr

dt
=

cp,wṁs (Tsf − Tsr)− UAΘn
m

mscp,w
(18c)
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Figure 9: Radiator model.

2.4 Heat exchangers

Heat exchangers are very similar to radiators. Basically they are the same, but here
the LMTD can not be calculated as we do not know the outlet temperature of the
heat exchanger or the surrounding temperature (the temperature in the other chamber).
Hence the heat exchanger is split into linear sections that can be connected to form a
realistic model of the heat exchanger.

The heat supplied to each section of the heat exchanger is described in (6), the heat
is “absorbed” by convection in the separating wall, and then transfered to the fluid of the
secondary circuit. The temperature “delay” can be described by (4). In (19) the resulting
output temperature from a fluid flow through a heat exchanger section is shown.

qlc = qfr − qcv (19a)

dTout

dt
mcp,water = ṁcp,water (Tin − Tout)− hA

(
Tin + Tout

2
− Tw

)
(19b)

dTout

dt
=

ṁcp,water (Tin − Tout)− hA

(
Tin + Tout

2
− Tw

)
mcp,water

(19c)

The temperature of the wall separating the two heat carriers can be calculated in a
similar way, see (20).

qlc = qcv,h − qcv,c (20a)

dTw

dt
mwcp,w = hcAc

(
Tw − Tin,c + Tout,c

2

)
− hhAh

(
Tin,h + Tout,h

2
− Tw

)
(20b)

dTw

dt
=

hcAc

mwcp,w

(
Tw − Tin,c + Tout,c

2

)
− hhAh

mwcp,w

(
Tin,h + Tout,h

2
− Tw

)
(20c)
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A Simulink block is created for each section of the heat exchanger, a block can be
viewed in Fig. 10. Several of these blocks can be connected to form a more realistic heat
exchanger, see Fig. 11, but the more sections, the heavier the calculations of the model
becomes, so a trade-off has to be done. In this case we have used 3 sections. Also see [2]
and [3] for information regarding heat exchanger simulations.

2.5 Thermostatic valve

The thermostatic valve controls the flow through the radiator by sensing the room tem-
perature, the colder the room temperature, the higher flow, see (21). Hysteresis can be
enabled to make the valve behave more realistic.

ṁ = f(Terr.)

√
ΔPvalveKvsρ

3600
(21)

Where f(Terr.) is the valve characteristics, here described by a look-up table that
translates the indoor temperature error to a valve position. Also see Fig. 12 for an
overview of the thermostatic valve realized in the Simulink environment.
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2.6 Radiator circuit controls

The space heating control system is set to supply the radiators with a preset temperature
that is dependent on the outdoor temperature, this is often referred to as a control-curve.
The control-curve should be adapted so the thermostatic valves in the radiator circuit
have to compensate as little as possible even at big outdoor temperature changes. By
doing this, a relatively constant indoor climate can be sustained even if a thermostatic
valve should break down.

In this model a regular PI-control (22) system is used to control the radiator sup-
ply temperature from the difference between current preset radiator supply temperature
(from the control curve) and true radiator supply temperature as control parameter. The
control signal steers a valve on the primary side of the heat-exchanger to adjust the flow
through the heat-exchanger, hence the desired amount of energy can be controlled.

u(Terr.) = KrTerr. +Ki

∫ t

0

Terr.dt (22)

3 Simulation Result

The model is tested using several climate conditions, radiator sizes, heat exchangers,
building sizes etc. However, due to space limitation in this article we only present results
from one simulation set up, see table 2 and 3 for the most essential parameters.

To test the realism of the model, a 3 day simulation with realistic circumstances
is set up and run. The outdoor temperature is set to simulate a quite cold, but not
uncommon period of time with temperatures varying between −5 and −20◦C. The
indoor temperature is set to 21◦C. Double glass windows with a total area of 40m2 are
used. House dimensions and heat exchanger data can be found in table 2. The total
radiator power in set to 17kW when the temperature program in the radiator circuit is
60◦C out and the returning water is 40◦C, this results in a maximum flow of 0.2kg/s in
the radiator circuit when thermostatic valves are fully opened. The walls are set up to
resemble the walls of the villa, wall specifications can be studied in table 3 (the numbers
in this table are approximations).

In Fig. 13 the key temperatures and flows in the radiator heat exchanger are plotted
for a 72 hour period of time. The thermodynamic behavior of the wall for the same
period of time can be studied in Fig. 14, observe the thermal inertia caused by the heat
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Table 2: Simulation conditions
House dimensions
Floor area 210 [m2]
Wall area 230 [m2]
Roof area 220 [m2]
Window area 40 [m2]
Extra heat sources 0 [kW]
Heat exchanger specifications
Area 0.9 [m2]
Num. of plates 30 [-]
Sec. dimensioned flow rate 0.32 [kg/s]
Incoming primary temp. 100 [◦C]
Returning primary temp. 50 [◦C]
Incoming secondary temp. 45 [◦C]
Returning secondary temp. 60 [◦C]
Power 20 [kW]
Radiator circuit
Total radiator power 17 [kW]

Table 3: Wall specification
Spec. heat Thermal

Wall layer Density Thickness capacity conductivity
[kg/m3] [m] [J/kgK] [W/mK]

Plaster board 950 0.012 840 0.16
Insulation 25 0.2 1000 0.035
Air 1.4 0.05 1005 0.022
Brick wall 1700 0.15 800 0.84

capacitive effect of the wall.

During simulation, it is very easy to study where the big energy losses are, and how
they could be prevented by adding extra insulation or replacing single glass windows to
dual or triple glass windows.

The model also supplies very good prerequisites to test and evaluate different control
methods for energy optimization purposes, which also were the main purpose of creating
this model.

To create a theoretical model is one thing. To believe in it, we need to validate it.
Due to space limitation we have chosen to leave this to another paper. However, the
validation has been on going with a single detached house in Northern Sweden. We here
briefly describe the setup and results.

The measurement system samples and stores data from all flow meters with a fre-
quency of 1Hz.

To verify the simulation results, high accuracy ultrasonic flow meters with embedded
temp sensor have been installed in the villa the model was created to resemble. The
flow meters are custom made for this research project by D-Flow [15]. The flow meters
are designed to have a maximum flow of 1.5[m3/s] (qp = 1.5[m3/s]). The flow sensors
fulfills the EN-1434 class 2 classification [16] which means that the error range is Ef =
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± (2 + 0.02qp/q)%, but not more than ±5%. The temperature sensors connected to
the flow-meters are 12 bit digital sensors from Dallas Semiconductor [17] which has
a temperature range from −55◦C to 125◦C. In the range −10 to 85◦C they have an
accuracy of ±0.5◦C.

Supplying the model with measured primary supply temperature, current outdoor
temperature and indoor set temperature we can compare the simulation results directly
with the measured results, see Fig. 15. Unfortunately we did not have accurate outdoor
temperature data for the time of interest available upon the writing of this paper, so an
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estimate of the outdoor temperature was made. This estimation makes the simulation
comparison a bit insecure, and we estimate that this is why the simulation result have a
bad fit to the measured data in Fig. 15 between ∼ 17: 00 and 01: 00.

Physical simplifications have been made to keep the computation time down to a
reasonable level. The computation time of the current model is approximately 2.5 minutes
for a three day simulation, which we find acceptable running on a laptop, with an Intel
Centrino Duo processor at 2.16 GHz and 2 GB RAM. The Simulink version used during
these simulations is the one released together with MatLab� R2007b, the accelerator
included with Simulink� were enabled during the tests.

The developed model can be used to simulate a whole block of separate buildings
and possibly whole sections of a district heating network. By using more dedicated
computational serves or even a cluster machine very large problems can be evaluated in
reasonable time.

4 Conclusions and Discussion

In this paper, we describe the implementation of a detached house in MathWorks Simulink�.
This implementation is simple yet powerful as it is descriptive of the construction. By
connecting several house models, larger parts of district heating networks is possible to
simulate.
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The simulation results gives us indications that model respond realistic, the first
comparison to real world measurements also confirms this.

For our purpose, we developed the model to evaluate new control methods to maximize
the energy transfer in district heating substation. That is the transfer of heat from the
primary network to the radiator circuit and the hot tap water system. This can be done
by controlling the valve within the primary circuit but also the pump in the radiator
circuit.

The model can also have other application as it empowers e.g. an architect to simulate
and predict the energy need of a house depending on its construction (e.g. wall structure
and windows).

The model is fully functional by theory, and the current validation tests looks promis-
ing. Further comparison to real data will be made. The model will now serve in the
evaluation of alternative control schemes based on sensor network targeting increased
ΔT.
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torsystem,” Stockholm, Fjärrsyn Rapport 2007:6, 2007.

[2] T. Persson, “District heating for residental areas with single-family housing - with
special emphasis on domestic hot water comfort,” Ph.D. dissertation, Lund Univer-
sity, Division of energy economics and planning, Department of Heat and Power
Technology, Lund Institute of Technology, Lund University, Sweden, June 2005.

[3] K. Yliniemi, Fault detection in district heating substations. Licentiate thesis, Div.
of EISLAB, Dep. of Computer Science and Electrical Engineering, Lule̊a University
of Technology, 971 87 Lule̊a, Sweden: Lule̊a University of Technology, 2005.

[4] B. and van Passen A.H.C. Yu, “Simulink and bond graph modeling of an air-
conditioned room,” Simulation Modelling Practice and Theory, vol. 12, no. 1, pp.
61–76, April 2004.

[5] International District Energy Association, November 2007. [Online]. Available:
http://www.districtenergy.org
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Validation of a District Heating Substation Model

using a Wireless Sensor Network Approach

Jonas Gustafsson, Jerker Delsing and Jan van Deventer

Abstract

A thermodynamic model of a detached house using district heating has been created
in Mathworks Simulink to form a realistic tool to test new control methods to optimize
district heating systems.We here present the experimental validation process of the model.
Detailed measurements were made using high performance ultrasonic flow-meters with
embedded temp sensors. The flow-meters measures e.g. total tap water consumption,
total primary energy consumption and radiator energy consumption separately. We show
satisfying thermodynamic results of the model versus the real house. We also show that
wind and sun exposure play a role in this validation.

1 Introduction

District heating is an efficient way to heat several buildings from a singe source. An
analogy to this efficiency is transporting a group of people by bus rather than with
several cars. The concept gets even more attractive when the heat is an industrial bi-
product. The heat is distributed to the buildings through a pipe network, which is also
referred to as the primary circuit. The heat is passed on to the buildings secondary
(radiator and domestic hot water) circuits by heat exchangers.

But the amount of energy required from a building varies continuously depending on
the demand. If we do not continuously optimize the energy transfer, we waste energy.
We create a short circuit in the primary circuit or returning to the bus analogy, we drive
with the handbrake on. Our research opportunity is to design a controller to optimize
the heat transfer. To achieve this, one must understand the system in question and
mathematically model it. In the current case the system is a house and we have modeled
it. We here confirm that the model represents the true house.

One of the key issue to make district heating even further fuel efficient and environ-
mental friendly is to improve control of the district heating substations. To try out new
control theories, a thermodynamic model [1] of building with a district heating substa-
tion, radiator and tap water system has been created in Mathworks Simulink. The model
has proved to produce realistic results in theoretical simulations, but no real validation
process has been done until now.

We validate the model by installing high accuracy flow and temperature sensors at
strategic places in the domestic hot water, space heating and primary district heating
system of a house we have access to. One of the practical issues with a measurement setup
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like this is to achieve data communication with each meter without affecting the house
interior seriously. A wireless sensor network based on bluetooth technology provides
an alternative solution to install separate cables to each meter. This proved to be an
excellent solution. Both temperature and flow from every hot water tap-point as well as
heat exchanger events are monitored and logged in an ordinary PC with Internet access.
The data can later be accessed for post-analytic procedures.

With a realistic model created to resemble a house connected to a district heating
system, the ability to try out new control and measurement methods are possible. Along
with new control methods, there is also the possibility to change separate components
such as pump and radiators and observe how this can affect energy consumption, ΔT
and also the energy bill.

1.1 The simulation model

The model is created using physical thermodynamic relations between water, air and con-
struction solids. The model is created from several separate simulation blocks like walls,
radiators, heat exchangers and controllers. This makes the model highly configurable and
powerful since it can be set to resemble all kinds of buildings. There is also possible to
connect several house models to form a block of houses, or even a whole district heating
network.

The model used in this paper have been configured to resemble the building of interest
as far as possible, while keeping the computational time reasonable low. Currently, a 3-
day simulation takes approx. four minutes using a 2.00 GHz Intel Core 2 Duo equipped
laptop running Matlab 2007b. This simulation time is achieved with the embedded
Simulink Accelerator enabled, but without any model optimization.

2 Experimental Setup

To validate the model, which is described in [1], measurements on a real detached house
connected to a district heating network has been carried out. To get a complete pic-
ture of how the energy is consumed in the building, several sensors have been installed
throughout the building. Flow and temperature are measured at every domestic hot
water tap point in the house (total 9 places). Meters have also been placed to measure
the total domestic hot tap water consumption and total domestic water usage (including
cold water), c.f. 1.

The district heating substation in the building used for measurement is of parallel
coupled type [2], which is the most common substation type used for smaller installations
in Sweden. The space heating and domestic hot water heat exchangers are both of
counterflow parallel plate type [3], with the capacity of 20kW and 50kW respectively.
The total power consumption of the complete substation is monitored as well as the
power consumed in the radiator heat exchanger separately as seen in Fig. 1. The reason
for installing an extra meter to monitor only radiator power is to separate the hot water
consumption and space heating when comparing real measurements to simulation results.
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Figure 1: Measurement setup. 1. Total primary flow and temperatures. 2. Primary space
heating flow and temperatures 3. Total tap water flow and temperature. 4. Total hot tap water
flow and temperature. 5. Individual tap water flow and temperature.

2.1 Flow meters

The flow meters used in this measurement setup is custom made high precision ultrasonic
flow meters from D-Flow [4]. The meters are specially designed and made for our purpose
with high accuracy, high frequent measurement in district heating systems. The designed
maximum flow of the meters are 1.5m3/s (V̇p = 1.5m3/s) which is more than enough for
our needs. The flow sensors fulfills the EN-1434 class 2 classification [5] which means

that the error range is Ef = ±
(
2 + 0.02V̇p/V̇

)
%, but not more than ±5%.

The flow meters estimate the flow temperature in two different ways. A bi-product
of the ultrasonic sing around method is the speed of sound through the fluid flow. From
this bi-product the meter can obtain the temperature of the fluid. The other method
used is using a digital temperature sensor from Dallas Semiconductors (DS18B20 [6]).
The DS18B20 has a 12 bit resolution and a operating region between −55 to 125◦C. In
the range −10 to 85◦C, which is the temperature range most of our measurements are
found, they have a specified accuracy of ±0.5◦C. The DS18B20 internal temperature
sensor is mounted in a thin pipe inside the flow meter body to achieve fast temperature
response, c.f. 2. In case of dual DS18B20, the second sensor is mounted in an identical
pipe, that can be inserted where temperature need to be measured (in the same manner
as normal energy meters).

The meters delivers time stamped measurement data with approximately 900ms in-
tervals, the sample interval time depends on the time to complete a data package for
deliverance including flow and temperature computations. As the data received from
the flow meters is time-stamped, the possibility to calculate accurate power and energy
usage from the meters with dual temperature sensors remains even thou sample time is
not exactly constant.
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Figure 2: Flow meter principle figure. 1. Ultrasonic transducer. 2. Dallas DS18B20 tempera-
ture sensor. 3. Bluetooth module. 4. Flow and temperature computer.

Table 1: Space separated log file example.

2008.03.01 - 19:34:38 1986377107 29.25 84.8125 29.9567599461096 0.390532416189245 58.5821829722261

2008.03.01 - 19:34:39 1986378131 29.25 84.8125 29.9519985208444 0.394526670390306 58.5822107955775

2008.03.01 - 19:34:40 1986379154 29.25 84.8125 29.9544213139408 0.38694518568971 58.5822384647465

2008.03.01 - 19:34:41 1986380178 29.25 84.8125 29.9514427969808 0.392475296226815 58.5822660882596

2008.03.01 - 19:34:42 1986381202 29.25 84.8125 29.9507741930572 0.397467178062754 58.5822940846836

The high sampling rate makes the meters very suitable to use when detecting very
short hot water tapings and temperature spikes.

2.2 Meter communication and data storage

With the combined flow and temperature meters installed at domestic hot water tap-
points throughout the house, as well as in the district heating substation, it would be
very inconvenient to use a wired installation with a separate cable to each meter. Instead,
a wireless solution using Bluetooth technology is used to achieve real time communication
with the meters in an easy way. This has proved to work very well as almost no data
has been lost by the Bluetooth network in over a year of usage. The data is stored in a
computer located in the building where the measurements are carried out. The computer
is a normal PC running Microsoft Windows XP SP2. To enable an easy import of the
data to Matlab for post analyze, a customized log software were developed to store the
data in a for us convenient way. The meter data is stored in space separated plain text
files, one separate file for each meter and day. In table 1 a data log file sample can be
viewed, a column content description can be found in table 2.

Table 2: Log file column description

Date and time Time since Temp Temp Temp Momentary Accumulated
meter start Internal Optional ext. Ultrasonic flow speed flow since

sensor sensor meter start
[-] [ms] [◦C] [◦C] [◦C] [m/s] [m3]
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Table 3: Model input information

DH Supply Cold water Indoor Tap water Sun Wind Outdoor
temp. temp. temp. flow temp.
[◦C] [◦C] [◦C] [kg/s] [min (of h)] [m/s] [◦C]

Data In house In house In house In house
Source measure- measure- measure- measure- SMHI* SMHI* SMHI*

ments ments ments ments
Data Pite̊a Pite̊a Pite̊a Pite̊a Lule̊a Pite Rönnskar Pite̊a
sampling (on site) (on site) (on site) (on site) (60 km north (10km east
location of building) of building)
Sampling >1Hz >1Hz Random >1Hz 1/3600 Hz 1/3600 Hz 1/3600 Hz
frequency
Typical 70 - 110 3 - 10 ∼20 0 - 0.3 0 - 60 0 - 20 -30 - 30
value

*SMHI - Swedish Meteorological and Hydrological Institute [7].

3 Model Validation

To compare the model behavior with the real world results, several model inputs are taken
from real world measurements. As seen in table 3, the district heating supply, incoming
cold water and indoor temperatures are measured in the building, as well as the tap water
flow. The outdoor temperature is also needed to get a realistic behavior of the model,
unfortunately this was not measured on site, so hourly outdoor temperature for Pite̊a
were received from the Swedish Meteorological and Hydrological Institute (SMHI) [7].
The wind and sun are also factors that affect the energy consumption of the house, again
these were not measured on site but later received from SMHI. Unfortunately neither
the sun or the wind were measured close to the building of interest. The geographically
closest sun-measurements available were from Lule̊a, 60km north of Pite̊a and the closest
wind measurement were taken from Pite-Rönnskar, which is located on the coastline
10km east of Pite̊a. All of the measurements received from SMHI have a sample rate of
1 sample per hour.

3.1 Model specification

The building simulated is a two-floor villa, with half the bottom floor underground (the
house is build on a slope). The total space heating power (from radiators) is estimated
to ∼12kW at 60-40◦C system characteristics [2].

The outer walls consists of several layer, the outermost is a brick-wall with a thickness
of ∼150mm. Next there is an air gap of ∼50mm, on the inside of the air gap we have a
thick layer (∼150mm) of fiberglass insulation. Inside the insulation layer is the inner wall
which in this house mostly consists of 12mm particle board. More details on building
thermodynamics and simulation construction can be found in [1, 8, 9].

The part of the wall area that faces the ground (basement), is simulated with special
characteristics, similar to the floor. These areas are created with only two layers, a
concrete layer that makes the floor and wall, and a 100mm insulation layer. Floor and
basement areas are simulated with a constant outside (soil) temperature of 5 ◦C , this
approach could be questioned as the soil temperature changes over the year. But we
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concluded that it was the most straightforward and realistic method available since we
do not measure the ground temperature.

The roof of the building is created using the same concept as the walls, but with
different layers and materials. A thin brick roof with an average of 30[mm] makes the
outer boarder for the roof, on the inside we have a small air gap, and roughly 100[mm]
of fiberglass insulation. The ceiling is made of thin wood boards or particle boards.

The total window area have been estimated to 40[m2], all windows are double glass
windows. The average air exchange ratio due to door/window openings and ventilation
is also considered and set to 30% per hour.

Separate domestic hot water tap points have not been simulated as these not directly
contribute with useful data out of an district heating ΔT view. Instead, only the total
hot water usage, i.e. the flow through the heat exchanger is used as model input. Hence
the pipe losses in the hot water network is not considered, but could easily be added if
found needed.

3.2 Space heating validation

Power comparison

Simulation were run over two separate periods of time, the first period chosen is March 6 -
8, 2008 and the second April 1 - 3, 2008. The periods were chosen to capture two different
temperature seasons, though very close in time. The first period capture winter condition
with a cold temperature dip, the second period capture more spring-like conditions with
temperature close to 0◦C, c.f. 3 (b) and (d).

By studying Fig. 3 (a) and (c), one can see that the simulated power consumption in
the radiator circuit are matching the measured power consumption in a satisfying manner
during the nights. During daytime, the match is not as good, as it is during the nights.
This deviation can be derived from sun heating influence even though no direct sunshine
is present. In Fig. 3 (c), one can clearly see this behavior at around 36 and 64 hours.
During the first day in the same figure, we have a larger deviation, this can be derived
from the geographic distance between the building (Pite̊a) and the sun sensing device
location (Lule̊a). There were most likely clear skies during the whole day in Pite̊a, but
not in Lule̊a. Deviations caused by the same problem can also bee seen at ∼36 and ∼60
h in Fig. 3 (a).

It could also be discussed how much the sun influence depends on season. In Fig. 3
(a) it can be seen that during the sunny periods the power consumption in the simulation
decreases more than the real measurements, the sun influence is overestimated. However,
in Fig. 3 (c), it can be seen that the sun influence is underestimated in the model as the
simulated power consumption is higher than the measured, during the short sunny period.
It is clear that an adaptive sun influence function depending on season would make the
model even more realistic.

As the sun proved to be a very important factor, we did not find any correlation
between wind and power consumption, so we concluded that there were no point of
including the wind-factor in the model. This was an unexpected discovery and is subject



3. Model Validation 93

Figure 3: Space heating power vs. outdoor temperature and sun.

for further analysis.
To find the power plotted in 3 (a) and (c), some simple calculations had to be carried

out. The normal power equation, (1), where cp is the specific heat capacity for water,
could not be directly applied to the measurement data as the data does not include
momentary mass flow ṁ. Using the accumulated volume flow V and the time stamp
value t, see table 2, the mass flow can be calculated using (2), where i is the sample
number and ρ is the density. The new mass flow vector can then be used to calculate
the power.

q̇ = cpṁΔT (1)

ṁi = ρi
Vi

ti − ti−1

(2)

Temperature and flow comparisons

To find out if the simulated temperatures and flows in the primary network are realistic,
they have been compared to the real world measurements. The comparisons are made
for the same time periods as for the power comparisons.

The primary side return temperature in the heat exchanger and the corresponding
flow depends on several factors, e.g. installed radiator power, heat exchanger dimension
and radiator temperature scheme (radiator supply temperature corresponding to outdoor
temperature). The heat exchanger power and dimensions is known (20kW), also the
temperature scheme is known to be set at a very low level, approx. 45◦C at TDUT

1 down
to 20◦C at an outdoor temperature of 17◦C where no radiator heat is needed. As earlier
described in section 3.1, the radiator power is estimated to 12kW.

1TDUT - The minimum outdoor temperature the system is designed for, in this case estimated to
−30◦C.
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Figure 4: Temperatures and flow in the primary side of space heating heat exchanger.

By comparing Fig. 4 (c), (d) with 3 (a), (c) a strong correlation between flow and
power can be found. This is natural as the flow through the heat exchanger is decreased
when less power is needed. This also affects the primary return temperature in the same
manner, decreased flow lets the water cool more in the heat exchanger and a higher
DeltaT is obtained. This is where a great possibility of ΔT maximization is found. By
increasing the radiator supply temperature and decreasing the flow, a higher temperature
drop across the radiators can be achieved with constant power usage. This will result in
a higher ΔT in the space heating heat exchanger, however there are limitations in how
much the flow can be decreased. The heat exchanger looses efficiency at very low flows,
very high radiator supply temperature is not convenient either as there might be a risk
of burning if direct contact with e.g. hands. However, utilizing a tradeof between low
flow and radiator supply temperature should increase ΔT severely in most cases, also see
[10, 11] for radiator circuit optimization.

3.3 Tap water system comparison

Using the domestic hot water flow as an input to the model, temperatures and flow in
the hot water heat exchanger computed in the model can be compared and validated to
real world measurements. In Fig. 5 (a) the secondary flow through the heat exchanger
can be viewed, this is the signal that is used for model validation.

The domestic hot water controller in the house is a Danfoss AVTQ [12] controller,
which is a self-acting thermostatic control valve using flow-compensating principle. In
the model, this controller is replaced with an ordinary PID (same type as in the space
heating circuit), to keep the system more simple. Observe that there is no domestic hot
water circulation system installed in this building.

The temperature in the domestic hot water circuit is set to ∼ 58◦C according to
measurements, c.f. 5 (b). This temperature (58◦C) is also used as the reference hot water
temperature in the model. No consideration has been taken to the cooling of water as
no tapping is occurring (newtons law of cooling), this is why the simulated temperature
is differ from the real temperature between tappings. However this has a neglectable
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Figure 5: Temperatures and flows in the domestic hot water heat exchanger.

influence on power consumption as no power is consumed when no tapping occurs.

In Fig. 5 (d), the temperature of the total (space heating plus domestic hot water)
returning district heating water can be viewed. The offset between the simulated and the
real data occurring when no domestic water is used, can be derived from the difference
between measured outdoor temperature and actual outdoor temperature (see sec. 3).
During domestic hot water usage the simulated total return temperature matches the
real temperature in a satisfying way. Also the corresponding flow on the primary side
of the domestic hot water heat exchanger c.f. 5 (b) is matching the real measured flow
almost spot on.

4 Conclusion and Discussion

We have in this paper shown that the model described in [1] delivers realistic results
when configured correctly. The measurement system installed in the detached house has
been working exceptionally well after some initial bugs in the log software were removed.

When it comes to validation of the model, a discussion could be held regarding num-
bers of parameters (like section of walls, number of radiators etc. ) included in the
model, but we believe that we have found a fair trade of between computation time and
accuracy of simulation results. We can conclude that the model is working well from a
thermodynamic perspective, regarding sun and wind factors some uncertainties remains
as we did not have the data for the exact right location.

Our research can now focus on improvements of ΔT , by evaluation of new control
schemes. This model will be used as a base for these experiments before appliance to
real world systems.
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5 Future Work

Implementation of real wireless sensor network control system is under development.
During the initial phase of this project, work is focused on interfacing network sensors
with various parts of the DH control system, such as pump, valve and energy meter.

The wireless network sensor used in this project is the Mulle [13] platform. Mulle
is a extremely low-power network sensor which has the ability to communicate using
TCP/IP network protocol over the embedded Bluetooth module. This makes it very
suitable for this type of applications as direct connection to each sensor can be made
from the Internet.

Additional PDA, Phone, PC etc. control and monitor software are also under devel-
opment. Future plans also includes ideas to integrate these monitor systems with the
simulation model to compute predictive energy consumption. This feature will give the
customers the ability to see how future control systems and ”way of living” would affect
the heat (energy) consumption. Break-even times for new energy saving investments
in the heating and domestic hot water systems could also be calculated for a specific
customer and building.
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Improved district heating substation efficiency with

a new control strategy

Jonas Gustafsson, Jan van Deventer and Jerker Delsing

Abstract

In this paper, we describe a new alternative control approach for indirectly connected
district heating substations. Simulations results showed that the new approach results
in an increased ΔT across the substation. Results were obtained for both ideal and
non-ideal operation of the system, meaning that less water must be pumped through the
district heating network, and a higher overall fuel efficiency can be obtained in the district
heating power plants. When a higher fuel efficiency is achieved, the usage of primary
fuel sources can be reduced. Improved efficiency also increases the effective heat-transfer
capacity of a district heating network, allowing more customers to be connected to an
existing network without increasing the heating plant or network capacity.

Also, if combined heat and power plants are used to produce the heat, the increased
ΔT will result in a further improved overall fuel efficiency, as more electricity can be
produced with colder cooling water.

The idea behind the new control method is to consider the temperature of the water
supplying the district heating substation with heat, often referred to as the primary
supply temperature. This represents a logical next step, as currently, the only parameter
generally taken into account or measured when controlling the temperature level of the
radiator circuit is the local outdoor temperature. In this paper we show how the primary
supply temperature together with thermodynamic knowledge of the building can be used
to maximize the ΔT across the district heating substation.

1 Introduction

With increasing energy demands worldwide, improving the efficiency of energy systems is
an important issue. By utilizing district heating, a great improvement in energy efficiency
can be achieved in the heating market. However, there remains room for improvement
of the technology to become even more efficient and environmentally friendly.

District heating is a technology that transports energy in the form of hot water or
steam from a central heat plant to customers. The related technology of district cooling
works in the same way, but instead of distributing hot water or steam, cold water is
distributed. In this paper we focus on district heating with hot water as distribution
medium. The heat is produced in a central plant where a high efficiency can be reached,
which makes district heating an environmentally friendly heating option causing less
environmental impact than most other heating methods [1].
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District heating has been in commercial use used since the early 1900s. Today, district
heating networks can be found throughout most of the northern hemisphere; however it
is most common in the eastern, central and northern parts of Europe.

By centralizing and combining heat and electric power production in a combined heat
and power (CHP) plant, the overall fuel efficiency can exceed 90%. In traditional fossil
fuel-fired electricity-producing power plants, the fuel efficiency rarely exceeds 50% [2];
the rest of the fuel energy becomes heat that is lost or wasted. In a CHP plant, most of
the “waste” heat can be captured and used, e.g. in a district heating system. By doing
this, the overall fuel efficiency can reach over 90% [2, 3]. CHP plants are particularly
common in Denmark, where over 80% of the district heating energy is produced by CHP
[4]; in Sweden this figure is about 30% [5]. The relatively low percentage of CHP plants
producing heat in Sweden is due to a number of factors. The first reason is that tax
regulations have not made it profitable to build and run CHPs. This is also connected
to the low price of electricity that Sweden has had for a long period of time. Also, the
high availability of industrial waste heat has contributed to the generally limited presence
of CHP plants in Sweden. However, today, the number of CHP plants are growing in
Sweden also. Fig. 1 shows an overview of a combined heat and power plant connected to
a district heating network.

A CHP plant connected to a district heating network utilizes the district heating
system as a large heat sink for the cooling water in the power production process. This
creates a win-win situation, as the excess heat produced by power production can be
sold as district heating; this concurrently decreases any environmental effects, as less
primary fuel is needed, see also [6]. It also saves electricity for use in applications where
electricity is the only practical energy supply, such as lightning, computers and in the
future possibly also cars.

To maximize the fuel efficiency in a district heating system, it is very important to
have a large temperature drop (ΔT) across the district heating network. By keeping ΔT
high, more energy per unit volume of distributed water will be utilized.

If the district heating network is powered by an extraction condensing CHP plant [7],
which operates on thermodynamic principles of the Rankine cycle,the ΔT also influences
the electricity production in the CHP plant. As the returning district heating water is
used to condense the hot steam returning from the electricity-producing turbines in the
extraction-condensing CHP, a lower returning district heating temperature (higher ΔT)
will increase the steam-condensation capabilities of the condenser. This results in a larger
pressure drop across the turbine, which gives the prerequisites for an increased electricity
production. If the temperature of the outgoing distribution medium is also lowered, the
electricity production can be further increased.

Flue gas condensation is a technique that is becoming more and more common in
heating and CHP-plants. Flue-gas condensation is a technology that extracts the heat
in the flue-gases generated in the fuel combustion process. The technology is especially
effective when burning moisture-rich fuels like biomass. The technology is also used in
natural-gas fired plants, but it is often combined with an air humidifier which damps the
flue-gas so the heat can be more easily extracted in the condensor. Flue-gas condensation
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Figure 1: Combined heat and power process with district heating.

can improve the overall maximum efficiency of a heat plant by up to ∼30% depending on
fuel type and the temperature of the returning district heating medium returning to the
condenser [8]. A lower return temperature from the district heating network means that
more steam will condense in the condenser, which, in turn, results in a higher overall fuel
efficiency for the plant.

Beside the objectives described above, an increased system ΔT also contributes to
reducing the energy used in the distribution pump, as less volume is needed to obtain the
same amount of energy. The distribution losses from the return pipes will also be reduced
as the temperature gradient to the surroundings is decreased. If the supply temperature
also is lowered, the distribution losses from the supply pipes will also be reduced.

As the energy companies can only charge for energy utilized by a customer, the major-
ity of the total ΔT should be dropped across the customers’ district heating substation;
energy lost in the distribution network thus also represents a financial loss. In this paper,
we refer to the substation as the connection between the primary (distribution) network
and the secondary (house internal space-heating and hot-water systems). We focus on
indirectly connected substations with two (or more) separate heat exchangers handling
the energy transfer between the primary and secondary systems; see Fig. 2 for a typical
substation connection scheme. Indirectly connected substations are the most common in
Sweden; however, Denmark, for instance, often utilizes directly coupled systems, where
the district heating water is lead directly through the radiators.

Persson stated that an increase in the system ΔT of 10◦C will result in a ∼55%
reduction in required pumping power, and, depending on the heat-production method,
the total primary fuel-source savings can vary between 0.1 and 14% [9]; similar numbers
can also be found in other reports [8]. Thus, there is great interest in ΔT maximization
within the district heating industry.

In this paper, we focus on the optimization of the radiator system’s contribution to
the total ΔT in customer district heating substations.

2 Theory

In this section we explain how the radiator system in an indirectly coupled district heating
connected building can be controlled, and how actions in the radiator circuit influnce the
primary ΔT. A brief introduction to the simulation model used to test the theories is
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Figure 2: Simplified overview of a district heating-connected house. 1, Hot incoming district
heating water. 2, Returning district heating water. 3, Incoming tap water. 4, District heating
substation with heat exchangers. 5, Radiator. 6, Tap water faucet.

also given. We also present new ideas on how the radiator system can be controlled, with
an emphasis on increasing the primary ΔT.

2.1 Simulation setup

To evaluate our ideas regarding radiator-system control and optimization, we used a
previously developed simulation model of a building connected to a district heating net-
work. The model was created using the Mathworks Simulink software, which allows for
the possibility of easily editing the key parameters and settings of the model.

The parameters that can potentially affect the thermal power consumption of the
building, such as outdoor temperature, hot-water usage and primary supply temperature,
were collected to form a separate external conditions block; see Fig. 3. All of the results of
interest can be viewed during simulation runtime and/or saved to file for post processing.

The building block consisted of two major underlying blocks, the district heating
substation and the building itself. These blocks could be further divided into several
more specialized blocks; see Fig. 4.

Fundamental thermodynamic relations govern the material and energy flows between
the heat exchanger, the radiator system and building walls etc. Together, all blocks
formed a complete thermodynamic model of a district heating connected building.

The model used in this paper was adapted to resemble a real-world villa, including
its installed district heating substation and total radiator-system surface. To verify the
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Figure 3: Simulation model overview

Figure 4: Overview of the major blocks within the assembled building.

model against a real-world substation and building, additional flow and temperature
meters were installed.

Further details of the model can be found in [10], [11] and [12]; details on the validation
process of the simulation model can be found in [13]. The complete simulation model
can also be downloaded from [14].

2.2 Space heating control possibilities

To maintain a stable indoor temperature under the influence of a varying outdoor tem-
perature and hence variations in building thermal heat requirements, the heat transfer
from the radiator system to the building must be controlled.

The two parameters in the radiator system that can be most easily controlled are the
radiator system supply temperature (Trs) and the radiator system flow (ṁr). This gives
us three possible control strategies to maintain a stable indoor temperature.

� Constant radiator flow, Variable radiator system supply temperature

� Variable radiator flow, Constant radiator system supply temperature

� Variable radiator flow, Variable radiator system supply temperature

By controlling the radiator-system supply temperature and keeping the radiator-
system flow constant, the radiator heat-energy transfer can be controlled. A higher
radiator system supply temperature will emit more heat-energy from the heat transfer
medium compared to a lower supply temperature. The heat transfer from the radiator-
system to the building can also be controlled by varying the radiator-system flow speed
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and keeping the radiator-system supply temperature constant. Both of these methods
can easily be explained by eq. 1.

qr =

∫ t

0

cpṁr(Trs − Trr)dt (1)

When changing flow and supply temperature parameters in the radiator system, the
flow and temperature on the primary side of the radiator system heat exchanger will
be affected; see fig. 8 for a substation overview. As highest possible cooling across the
heat exchanger’s primary side was the goal, the relation between the primary return
temperature and the radiator system flow and supply temperature were evaluated for
a number of different extrernal conditions. The external conditions considered where
the primary supply temperature and the outdoor temperature. To find the minimum
primary return temperature for a pair of fixed external parameters, e.g., an outdoor
temperature of -10◦C and a primary supply temperature of 95◦C, we used the model
to evaluate how different radiator flows and supply temperatures affected the primary
return temperature.

To find the radiator-system parameters that yield the lowest possible primary return
temperature, we applied the method described by Wollerstrand et. al. [15]. The method
was as follows: during stable outdoor and primary supply conditions, the radiator-system
control is disabled, and the radiator system flow is manually slowly decreased. By de-
creasing the radiator system flow, the water in the radiator system will be given more
time to pass the heat exchanger, and will hence exit warmer. The same principle will
apply when the water flows through the radiators; with a lower flow, more heat energy
will leave the water in the radiator which results in colder water from the radiator, all in
accordance with eq. 1.

When the radiator-system return temperature (Trr) becomes colder, it will also reduce
the primary return temperature (Tpr), meaning that the primary flow (ṁp) must also be
limited so the heat transfer will not increase, which would lead to an overheated indoor
temperature. By controlling the primary flow through the heat exchanger so that heat
transfer from the distribution network to the radiator circuit is kept constant, we are free
to vary flow speed and temperature schemes in the radiator circuit.

Due to nonlinearities in the heat exchanger and the fact that we do not have an
infinitely hot primary supply temperature, the radiator system flow can not be infinitely
limited. By studying the primary return temperature and observing at what radiator
flow and supply temperature it reached a minimum, the ideal radiator system parameters
were found for the current external conditions.

In Fig. 5 the primary return temperature is displayed as a function of radiator system
flow (ṁr) and radiator-system supply temperature (Trs) for a number of different primary
supply temperatures (Tps) at a constant outdoor temperature of −10◦C. The minimum
return temperatures for all primary supply temperatures are marked and interconnected
to form the blue lines. We can se from the figure that the ideal radiator supply temper-
ature varies between 50 - 70◦C and the corresponding flow between 0.039 and 0.083kg/s
depending on the primary supply temperature. This result proves that both radiator
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Figure 5: Minimum primary return temperature as a function of radiator system supply tem-
perature and flow. The outdoor temperature was constant at -10◦C. The primary supply tem-
perature was kept constant through out each simulation, but was varied between 70, 80, 90, 95,
100, 110 and 120◦C for each simulation run.
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Figure 6: Minimum primary return temperature as a function of radiator system supply tem-
perature and flow. Primary supply temperature is constant at 95◦C. The outdoor temperature
is altered between -30, -20, -10, 0 and 10◦C for each simulation run.

flow and supply temperature must be altered to achieve the highes possible primary ΔT
at a constant outdoor temperature and varying primary supply temperature.

The opposite of varying the primary supply temperature at a fixed outdoor temper-
ature would be to alter the outdoor temperature at fixed primary supply temperature.
This is visualized in Fig. 6, where the primary supply temperature is fixed at 95◦C, and
the outdoor temperature is altered between −30◦C and +10◦C. From the figure, we can
see that the optimum radiator supply temperature only changes from 57◦C at an out-
door temperature of +10◦C to 64◦C at the very cold outdoor temperature of −30◦C. To
handle the large variation in building heat requirement when the outdoor temperature
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Figure 7: Primary and radiator supply temperature curves, where Tps is the primary supply
temperature and Trs is an example of a traditional radiator system control curve.

Figure 8: Traditionally controlled district heating substation with outdoor temperature dependent
radiator supply temperature control.

changes between −30 and +10◦C, it must be possible to adjust the flow from 0.095 down
to 0.016 kg/s to maintain a stable indoor temperature at the maximum ΔT.

From Fig. 5 and 6 we can conclude that both radiator flow and supply temperature
must to be adjusted based on both the outdoor and primary supply temperatures. How-
ever, the primary supply temperature has a slightly bigger impact on the ideal radiator
supply temperature than the outdoor temperature. This means that that the primary
supply temperature is more important than the outdoor temperature when regarding
control of the radiator system with an emphasis on maximum primary ΔT.

2.3 Design and control of traditionial systems

In traditional radiator-systems, the radiator-system supply temperature is based on the
local outdoor temperature; see Trs in Fig. 7 for a typical example of how the radiator
supply temperature is dependant on local outdoor temperature. This line (Trs in Fig. 7)
is referred to as the radiator system control curve [16]. To achieve the correct radiator
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system supply temperature with varying outdoor temperatures, the flow through the
primary side of the heat exchanger is controlled with a valve mounted in series with
the heat exchanger (see Fig. 8). To be able to control the temperature in the radiator
circuit with this valve, the radiator supply temperature is measured and used in a control
feedback loop. As the heat demand changes with outdoor temperature, the control curve
is used as a set point in the control loop. By controlling the radiator system like this,
there is no need to adjust the radiator system pump speed, which means that inexpensive
constant speed pumps can be used. This is probably the main reason why this control
method has been used to such extent over a long period of time.

Today, however, pumps are very often equipped with a speed control unit, which
in most (best) cases is only used for an initial flow speed calibration, and never moved
again.

Additionally, thermostatic valves are often mounted closely in series with the radiators
to further improve the indoor comfort by limiting the radiator flow, and hence the radiator
heat transfer. In more sophisticated radiator control systems, an indoor temperature
sensor can also be found; this sensor can adjust the radiator control curve up or down to
compensate for a too-warm or too-cold indoor climate.

However, the calibration of radiator system control curve is unfortunately not very
often optimized to achieve the highest possible primary ΔT. This results in energy waste,
as non utilized energy in the form of heat returns to the production plant, causing lower
efficiency in both CHP and heat plants, and also causing higher energy losses in the
distribution pipes.

2.4 Control curve calibration

The concept of traditional outdoor temperature based radiator control works best when
the expected primary supply temperature also is increased when the outdoor temperature
drops. This procedure is usually also what most heat plant operators will do to avoid
high flows in the distribution network at low outdoor temperatures or high system loads.
A typical primary supply temperature scheme for northern Sweden can be seen in fig. 7,
where the primary supply temperature, Tps, starts to increase from the base temperature
of 70◦C at a 5◦C outdoor temperature to reach 120◦C at an outdoor temperature of
−30◦C.

To achieve a large ΔT at the customer substation, it is of great importance to adapt
the radiator system control curve to compensate for the variations of the outdoor tem-
perature and, indirectly, in the primary supply temperature. This was done for a specific
house using the simulation model described in sec. 2.1 and [10].

By setting up the simulation model with a fixed outdoor temperature, a corresponding
primary supply temperature (found from Tps in fig. 7), we found the radiator supply tem-
perature that produces the highest possible primary ΔT. The experiment was repeated
for several different outdoor temperatures (with their corresponding expected primary
supply temperatures) until an ”ideal” control curve with regard to maximizing ΔT was
found under the constraints of the given external parameters; see fig. 9a for the resulting
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Figure 9: (a) Radiator system control curve based on outdoor temperature. (b) Radiator system
control curve based on primary supply temperature.
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Figure 10: Supply and return temperature of a district heating connected heat plant in Sweden.
Note the large variations in supply temperature at a constant outdoor temperature.

control curve.

However, this traditional radiator control method presumes that the primary supply
temperature can be chosen based upon the local outdoor temperature. This is true
to a certain extent, but large fluctuations in the primary temperature can occure even
at stable outdoor temperature; see fig. 10. This figure depicts data from a real world
example of supply and return temperatures in a district heating plant located in the
south of Sweden. The black line indicates the theoretical primary supply temperature
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Ext. parameters Resulting temperatures and flows at optimal conditions

Tout Tps Tpr ṁp Trs Trr ṁr ΔTp Q̇p[W]

-30 120.0 35.68 0.0310 74.09 32.05 0.0621 84.31 10918
-25 112.5 34.43 0.0302 70.17 31.12 0.0602 78.06 9843
-20 105.0 33.15 0.0292 66.25 30.14 0.0580 71.85 8769
-15 97.50 31.81 0.0280 62.25 29.14 0.0555 65.69 7697
-10 90.00 30.41 0.0266 58.22 28.09 0.0525 59.59 6627
-5 82.50 28.95 0.0248 54.14 26.98 0.0489 53.55 5559
0 75.00 27.42 0.0226 50.03 25.81 0.0443 47.58 4496
5 70.00 25.51 0.0185 46.83 24.32 0.0364 44.49 3436
10 70.00 23.17 0.0122 45.53 22.51 0.0245 46.83 2381
15 70.00 21.39 0.0065 44.10 21.23 0.0137 48.61 1329

Table 1: Optimal temperatures and flows with varying external parameters.

scheme; as seen in the figure, the reality (red dots) was often far from theory in this case
plant.

Controlling the radiator system in buildings connected to the district heating system
powered by this heat plant using a control scheme based on the local measured outdoor
temperature and the expected primary supply temperature will not produce an optimal
primary ΔT due to the large primary supply temperature deviations.

2.5 Primary supply temperature based radiator system control

Instead of using the local outdoor temperature as a basis for the radiator-system supply
temperature, we suggest that the primary supply temperature should be used instead.
According to fig. 6 does the ideal radiator supply temperature in the simulation environ-
ment only change between 57 to 64◦C when the outdoor temperature changes 40 degrees
(from −30 to +10◦C). This means that, for realistic outdoor temperature variations, the
radiator supply temperature could be kept constant without any dramatic deterioration
of ΔT given that the primary supply temperature is kept constant. However, this re-
quires that the flow in the radiator system must be controlled and adjusted to maintain
a stable and comfortable indoor temperature.

In the same way, as the ideal radiator control curve based on local outdoor temper-
ature (fig. 9a ) was found in sec. 2.4, the ideal radiator supply temperature curve based
on the primary supply temperature can be found; see fig. 9b. Using this curve to con-
trol the radiator system supply temperature will make the primary return temperature
from the radiator system heat exchanger less sensitive to unexpected deviations in the
expected primary supply temperature compared to a radiator control system based on
the outdoor temperature. This can be explained by fig. 6, which illustrates that even if
a radiator supply temperature of, e.g., 56◦C, instead of the ideal 60◦C were used due to
temperature fluctuations in the distribution network at a constant outdoor temperature
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of -10◦C, the difference in primary return temperature will be very small. Thus, if there
are temperature fluctuations in the distribution network, these should be considered in
the radiator control system, even if the outdoor temperature is constant, to achieve the
largest possible ΔT.

In other words, from a ΔT perspective it is more important to consider the tem-
perature in the distribution network than the outdoor temperature when deciding the
radiator supply temperature.

To control the indoor temperature, the heat transfer from the radiators must be
controlled. This can be achieved by two different methods.

The first method requires working thermostatic valves on all radiators and a constant
differential pressure controlled radiator pump. The thermostatic valves will limit the flow
through the radiators in case of a too-warm indoor temperature, and open if the indoor
temperature is too cold.

The other method requires an active radiator-system pump speed control based on
either indoor temperature or possibly outdoor temperature, to compensate for heat re-
quirement fluctuations.

Common to both methods is that it is the radiator flow that controls indoor temper-
ature at a constant primary supply temperature.

3 Simulation Results

A critical test of the new control strategies was to compare them with traditional control
methods for various primary supply temperature schemes. Thus, we conducted a time-
based simulation of three identical houses with three different control methods. The first
house (House 1) was equipped with a perfectly tuned traditional control system, with a
60◦C radiator supply temperature at an outdoor temperature of −30◦C; see Trs in Fig.
7. The second house (House 2) used an optimized control scheme correlated with the
outdoor temperature; see Fig. 9a. The third house (House 3) used the optimal control
curve based on the primary supply temperature, seen in Fig. 9b.

The outdoor climate was identical for all simulation runs. The mathematical descrip-
tion of the outdoor temperature is described in (2), and is also plotted as Tout in Fig. 11.
Wind and sun influences were not taken into account in the simulations.

Tout(t) = 2 sin

(
2π

3600 · 24
)

︸ ︷︷ ︸
daily variation

+4 sin

(
2π

3600 · 60
)

︸ ︷︷ ︸
slow variation

− 5︸︷︷︸
bias

(2)

To compare the ΔT values resulting from the different primary supply temperature
schemes, all control methods (House 1, House 2 and House 3) were tested with three
separate primary supply temperature schemes, referred to as Simulation A, B and C.
Simulation A used a conventional supply temperature scheme (see Tps in Fig. 7), whereas
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Simulation A (Tps−std.) Simulation B (Tps−100◦C) Simulation C (Tps−70◦C)

House ΔT[◦C] Tpr[◦C] ṁp[kg/s] ΔT[◦C] Tpr[◦C] ṁp[kg/s] ΔT[◦C] Tpr[◦C] ṁp[kg/s]

1 50.74 32.52 0.02717 67.57 32.43 0.02044 37.07 32.93 0.03735
2 53.64 29.62 0.02579 71.78 28.22 0.01930 37.38 32.62 0.03735
3 53.67 29.59 0.02578 72.36 27.64 0.01916 37.69 32.31 0.03686

DHNavg ∼ 40 ∼ 48

Table 2: Mean ΔT primary return temperature and primary flow in the space heating heat
exchanger. House 1 - Standard 60-40 control. House 2 - Optimized outdoor temperature de-
pendent control. House 3 - Optimized primary temperature dependent control. DHNavg - The
approximate average network temperatures in a normal Swedish DH network.

Simulation B used a constant supply temperature at 100◦C, which represents a too-
high supply temperature, and, lastly, Simulation C was done with a primary supply
temperature of 70◦C, which was a too low temperature for the outdoor conditions.

Also, a five-hour combustion and transport delay was added to the primary supply
temperature in Simulation A to create a more realistic supply temperature at the building.

All simulations were run for a period of four days.

By comparing the ΔT and primary flow, ṁp, through the heat exchanger, we found
that the new, improved control curve, used in House 2, clearly increased ΔT and lowered
the flow (ṁp) when using an outdoor-temperature dependant primary supply temperature
(Simulation A). When the primary supply temperature was too high (Simulation B),
House 2 outperformed House 1. However, when the primary supply temperature was
lowered (Simulation C), we see that House 2 was no longer clearly superior to House
1. House 1 actually produced a higher ΔT and a lower flow (ṁp) when the outdoor
temperature was very low and the primary supply was also low.

Looking at the results from House 3 (primary supply temperature based control)
we see that it outperformed both House 1 and 2 in all three simulation runs. House
3 obtained the highest ΔT and the lowest flow (ṁp) in all cases tested. This result
clearly highlights the advantage of using the primary supply temperature based control
compared with the ordinary outdoor temperature-dependent control methods used in
House 1 and 2; see Fig. 11b and Table 2.

To further evaluate the performance of the primary supply temperature based control
strategy and better compare it to the other control strategies, real-world distribution
and outdoor temperature data were also used as inputs to the simulation model. The
distribution and outdoor temperature as well as the resulting ΔT are shown in fig. 12;
here, we can verify that the supply temperature control strategy also performed the best
with real-world data as input
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Figure 11: Resulting ΔT and flow in the primary side of a space heating heat exchanger from
two independent simulation runs. In simulation A, the primary supply temperature was set to
Tps−def (from in fig. 7); in simulation B and C the primary supply temperature was set to con-
stant temperatures of 100 and 70 ◦C respectively. Houses 1, 2 and 3 indicate thermodynamically
identical houses with different radiator control methods, further described in the text.

4 Conclusion and Discussion

4.1 Discussion

The traditional control strategy operates with its only constraint being radiator supply
temperature, and it thus allow unused energy in the form of hot water to leave the system,
causing energy waste.

Wollerstrand et al. added a new constraint, the maximization of ΔT. To do this, they
changed the flow rate within the radiator circuit. This makes sense thermodynamically
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Figure 12: Simulation of the three different control strategies, using real world data as input.

due to the non linearity of the heat exchangers (which includes radiators).

However, ΔT can be further increased if one considers the energy available rather
than what is expected.

The heat-plant operators also monitor at the outdoor temperature because on colder
days the heat demand increases. To supply this energy they can either increase the
amount of liquid flow (ṁptotal) or increase the primary supply temperature (Tps) and the
usually do the latter. In other words, Tps is an indicator of the outdoor temperature
and can also serve as the input for the feed forward radiator-system control, but Tps

does vary for several reasons such as location, the activity of different heat plants and
the strategies of the heat suppliers such as energy storage or buffering to deal with the
morning-shower peak hot-water load.

Using thermodynamic simulation models of real-world buildings to predict good con-
trol curves for the radiator system is a very useful and powerful tool. The simulation
results indicate that the primary return temperature can be significantly decreased us-
ing the methods suggested in this paper. If the method were applied on a large scale
throughout a district heating network, there would be great environmental and financial
gains.

Another positive aspects of heat meter-based control is the limitation of sudden heat-
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Figure 13: District heating substation using energy meter information for space-heating control.

load peaks, e.g., during rain showers, which transiently lower the outdoor temperature.
Using traditional outdoor temperature-dependent control methods, the space heating
control valve will open to compensate for the colder outdoor temperature, which is un-
necessary since the building has a long thermal time constant. If the space-heating control
is instead based on the primary supply temperature, this effect could be avoided, as the
primary supply temperature is controlled by the energy company.

Integration of heat-metering and radiator control system

Optimizing the control of one, or a few, district heating substations will not make a
difference for the heat producers. To make a difference, the new control method must
be applied in most substations. However, most radiator control systems do not have
the ability to measure the primary supply temperature, and adding new temperature
sensors on/in the primary supply pipe would be both expensive and time-consuming.
The primary supply temperature is currently measured by the heat meter, which today
is exclusively used for billing purposes. By sharing the supply temperature information
from the heat meter with the radiator control system, the new control method could be
achieved without additional temperature sensors.

Many energy companies (at least in Sweden) are today connecting their heat meters to
a remote reading system, so that they do not have to manually read the yearly or monthly
energy consumption. This also opens up the possibility of monitoring and actuating the
customers’ control systems from a remote location. For instance, the outdoor temperature
could be centrally measured for a block of buildings instead of each building measuring
its own outdoor temperature. This will help to reduce the control errors due to broken
or improperly mounted outdoor temperature sensors.
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4.2 Conclusion

The primary supply temperature based approach was shown to be clearly superior to
the ideal traditional control and is, so far, the most optimal district heating substation
control approach yet proposed.

In combination with the simulation tool, we have developed a methodology for control
optimization based on a physical model. This forms the basis for a much improved ΔT
situation in a district heating network, thus enabling large gains and savings at the
district heating system level.

4.3 Example of impact on a district heating network

In the town of Lule̊a there are about 8,000 homes connected to the district heating
network. These constitute ∼20% of the total energy consumed in the network; the
remaining 80% consists of larger facilities, like apartment and commercial buildings. If
we let the house we have simulated represent an average home in Lule̊a and an optimized
heat-meter based control system was installed in every home, the total flow through the
houses will be reduced by 8000 · (0.03007− 0.02815) = 15.36kg/s ≈ 55.30m3/h during
the winter months.

Note that this reduction is compared to a perfectly tuned traditional system with an
average return temperature of 33.76◦C. This is not very representative, as observations
have shown an average return of ∼ 48◦C, which would thus yield even greater returns for
increased ΔT and flow reduction.

If the larger connected buildings were also included, a total flow reduction of 15.36/0.2
= 76.8kg/s ≈ 280m3/h would be possible. Today, the total flow in Lules district heating
distribution network at an outdoor temperature of −10◦C is approximately 3, 800m3/h,
giving a possible flow reduction of 7.4%. Keeping in mind that the observed flow has a
primary supply temperature of 94◦C and a return temperature of 48◦C, there is a large
potential for reducing flow and increase ΔT.

4.4 Possible practical issues

To implement a primary supply temperature-based control system, no new sensors are
needed because the primary supply temperature is already measured by the heat meter.
One challenge with this method of utilizing heat meter information in the control system
might be the extraction of temperature parameters and communication between the heat
meter and the other devices.

With a higher radiator supply temperature and lower radiator flow, there will be a
higher ΔT across the radiator if the radiator power consumption is kept constant, by eq.
(3). If there are radiators coupled in series, these might not work as intended due to the
increased ΔT in the first serially-coupled radiator.

P = cpṁΔT (3)
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[16] S. Fredriksen and S. Werner, Fjärrvärme, Teori, teknik och funktion. Lund, Sweden:
Studentlitteratur, 1993.



120



Paper D

Independence and Interdependence
of Systems in District Heating

Authors:
Jan van Deventer, Jonas Gustafsson, Jens Eliasson, Jerker Delsing, Henrik Mäkitaavola
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Independence and Interdependence of Systems in

District Heating

Jan van Deventer, Jonas Gustafsson, Jens Eliasson, Jerker Delsing, Henrik Mäkitaavola

Abstract

In this paper, a fully operational wireless sensor and actuator network is presented. The
network has the ability to control a district heating substation to ensure indoors com-
fort while minimizing energy waste by maximizing heat extraction from the distribution
network. Introduced here is the foundation for a systems of systems approach within a
district heating application, where several substations cooperate with the heat produc-
tion plant. Presented are also the first steps to a service oriented architecture (SOA)
where sensor nodes in the district heating network can cooperate with other nodes and
systems, for example a ventilation control network.

1 Introduction

In our current era, it has become clear that we, as a society, must take care of our resources
since they are not unlimited and their use can generate pollutions in various forms.
In this paper, we present a wireless sensor network, initially developed to optimize a
district heating substation, that eases the implementation of a system of systems within a
district heating network. The proposed architecture additionally offers a service oriented
architecture (SOA) that enables the introduction of new sensor nodes while letting the
system reconfigure itself. SOA further opens for cooperative function between district
heating system and other energy and comfort related system, e.g. ventilation, heat
pumps, etc. This approach will both enable energy savings and quality of service for
indoor comfort.

We begin the paper with a quick description of what district heating is. Subsequently
is the presentation of a fully operational implementation of a wireless sensor and actuator
network that optimizes the energy transfer to the building. We then discuss the inde-
pendence of the system, that is the system must function on its own and handle local
failure as far as possible. From an independent ability, we discuss the integration of a
complete district heating distribution to form a systems of systems, where the systems
are then also interdependent. Before concluding we consider an implementation of service
oriented architecture of wireless sensor nodes and control systems.

123



124 Paper D

CTRL

Tout

Energy
meter

Control valve

Pump

Thermostatic
valve

Cold water

Hot tap water

District heating supply

District heating return

H
EX

H
EX

Radiator

Figure 1: Traditional control and communication architecture in a district heating substation.
Please note the heat measurement at the primary side has no communication to the control at
the secondary side (red line).

1.1 District heating

District heating is an environment friendly and efficient method of heating buildings
within an area. In other words, several buildings and quite often large portions of a city
can have their space and water heated from a central heat plant. An analogy to this
efficiency is public transportation where a bus is more efficient at transporting fifteen
people than are fourteen cars. The concept of district heating is quite appealing when
the heat comes as the byproduct from an industrial process. When heat is produced in
combination with electricity generation, district heating more than doubles the efficiency
of the power plant [1].

In general, the heat from the plant is usually distributed under ground through a
closed network of insulated pipes within which the heat is carried by water or steam.
Water is prevalent in Europe while steam is more common in North America [2, 3]. The
heat from the distribution network is transferred to the building through heat exchangers
within a substitution where the space heating and domestic hot water are the secondary
circuits (c.f. Fig. 1). There are various variations to the theme of energy distribution and
transfer in district heating but the general description is sufficient here.

1.2 Wireless Sensor and Actuator Networks

This is the age of Information Technology; the Internet has been a dramatic catalyst
providing information access to a worldwide population. In a similar fashion, suppling
information within a district heating substation dramatically improves the performance of
a substation, its quality of service, and offers new services to both the heat suppliers and
their customers. For example, sharing information between the primary circuit, i.e. the
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Figure 2: A Mulle wireless sensor node.

distribution network, and the radiator circuit results in maximizing the heat extraction
from the primary circuit since the control system now knows how much heat energy
per volume is available to the substation at its location within the distribution network
[4]. There are several other benefits such as reduced pumping through the distribution
network and increased efficiency in the case of combined heat and power plant [5].

Within the new architecture, each sensor and actuator is associated to a wireless
node. We here describe these nodes, which are named Mulle [6, 7]. Their roles in the
district heating substation are described in section 2.

The Mulle platform is a small embedded system capable of communicating wirelessly
with other nodes using TCP/IP over either Bluetooth or IEEE 802.15.4. As all embedded
systems, it is able to measure and process a sensor’s signal and/or request an action from
an actuator.

The Mulle features a 16-bit Renesas M16C/62p micro-controller and a Bluetooth
2.0 module or a ZigBee compatible (IEEE 802.15.4) transceiver. It has an on-board 2
MB flash memory, allowing storage of large amounts of sensor data, its configuration
settings, and web page data and applications for the on-board web server. Flexibility as
well as time driven operation are provided by a real-time clock, a temperature sensor,
a battery monitor, LEDs and a high density expansion port. The latter is a 60-pin
connector that enables connection to analog and digital I/O pins, power supply, and
serial communication lines. The compact design occupies a total of 24x26x5 mm. It is so
small that none of the commercial components (heat meter, motorized valve and pump)
had to be redesigned to be upgraded to hold a wireless sensor node.

Power utilization is an issue for the nodes that are not connected to the electrical
network or associated to an actuator. The examples that arise several times in our
system are the temperature sensors nodes. They must provide information for a very
long duration, which ideally should be years. The current approach is to turn off the
radio transceiver and put the micro-controller to sleep. The power usage in its lowest
sleep mode is only 12 μW. The micro-controller wakes up every 15 minutes to measure
the temperature. If there is a significant change in temperature, the radio module is
momentarily turned on to communicate the information to the wireless network. By
using this approach, a Mulle can operate for years even when equipped with relatively
small batteries [8].

The Bluetooth software is designed in a modular fashion to allow adaptability to
the system and its role of the node within the system. The Mulle can communicate
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with two of the worlds most widely spread technologies: TCP/IP and Bluetooth. The
software uses the lwIP stack, and can communicate with several protocols including: IP,
TCP, UDP, DHCP, NTP, and HTTP. The lwBT Bluetooth stack provides support for
the following layers: HCI, L2CAP, SDP, BNEP, RFCOMM, and PPP. The Bluetooth
Profiles supported are: LAP, DUN, PAN, and SPP.

The use of TCP/IP and Bluetooth enables the Mulle to even utilize Bluetooth-
equipped mobile phones as access points to reach the Internet although there is not
a need for that in a district heating application. This allows a Mulle to transmit sensor
data directly to users on the Internet without any specialized gateways. The advantage
of using TCP/IP at the sensor or actuator level is the clear standardization of the Inter-
net Protocol. This detail enables the infrastructure to be flexible to different sensor and
actuator suppliers and opens the door to standardized service oriented architecture.

The Mulle with the IEEE 802.15.4 uses an operating system to handle all the different
tasks in real time. Contiki [9] and TinyOS [10] are two well known operating systems used
in research and commercial products. They are both designed with low-power embedded
systems and wireless sensors in mind. Thus making them ideal to be used together with
Mulle. Both Contiki and TinyOS also include IP stacks with 6LowPAN support [11].
6LoWPAN is a acronym for IPv6 over Low power WPAN and is a standard that allows
IPv6 packets to be sent over IEEE 802.15.4. Contiki utilizes the uIPv4 and uIPv6 written
by Adam Dunkels, who also is the creator of Contiki. TinyOS uses BLIP, the Berkeley
Low-power IP stack.

The nodes can communicate with each other or to an access point creating a wireless
network. The next subsection describes the implementation of the wireless network.

1.3 Wireless network

The network used in this setup is a IP-based network with DHCP capabilities. The
DHCP server is implemented in the Internet access point (c.f. Fig. 3), which is a Blackfin
based embedded computer running μLinux [12]. The new version of the access point used
in this research communicates with Bluetooth, IEEE 802.15.4 with 6lowPAN, Wi-Fi and
wired Ethernet. Its dimensions are 90x174 mm.

The control loop is today located in the Blackfin device, but could, in the future,
be distributed between sensor nodes to improve control robustness. The network setup
makes it possible to access all devices (Mulles) in the network from the Internet. This
enables the system administrator to reconfigure and update the software on the nodes
remotely.

2 Substation Control

The current problem with commercially available substation is that their control systems
today aim only towards comfort but do not optimize the performance of the substation in
terms of energy efficiency. Their purpose is to guarantee that enough heat is delivered to
the radiator circuit. This results in wasting heat energy that is available in the primary
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circuit. To optimize the system, additional information is needed by the controller but
which is not currently available.
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Figure 3: New control and communication architecture in a district heating substation. Here
all sensors, actuators and control devices regardless of location can exchange information.

The traditional control and communication architecture is shown in Fig. 1. The
heat energy measurement is located on the primary side of the substation. The controls
of space heating and hot tap water delivery to the house are on the secondary side of
the substation, i.e. the radiator circuit and the domestic hot water circuit. These two
functions, heat measurement and control, are independent and unaware of each other. For
the space heating, there is a feedforward path which measures the outdoors temperature
and regulates the flow of the primary circuit to achieve a specific temperature towards the
radiators. The colder the outdoors temperature is, the hotter will be the temperature
to the radiators. The feedback mechanism controlling the indoors temperature is the
thermostatic valves located at each radiators. The flow through the radiator circuit is
achieved with a fix speed pump.

With a wireless connection between sensors and actuators, the new infrastructure al-
lows for the optimization as well as new diagnostics and services. In the hereby presented
architecture, shown in Fig. 3, all sensors and actuators are enhanced with or replaced by
sensor nodes which form the wireless sensor network based on TCP/IP.

This means that the barrier between the primary side with heat metering and the
secondary side with heating and hot water control is effectively eliminated. This opens up
for new measurement possibilities as discussed by Yliniemi [13] and new control strategies
as discussed by Wollerstand et al. [14] and Gustafsson [15]. They take into account that
the radiator circuit needs a certain time to heat up in the heat exchanger and a certain
time to cool down in the radiators (i.e. heat transfer rates). By varying the flow rate of
the radiator circuit, one can optimize the heat transfer in the heat exchanger and thereby
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minimize the flow through the primary circuit and in the radiator circuit. This requires
that the pump has a continuously variable flow rate.

These new measurement and control strategies have substantial economical potentials.
Very rough estimates shows savings of more than 1 million e per year when increasing the
primary temperature across the substation (ΔT) by 5◦C in a 760 GWh district heating
system. Correlated with the financial savings are the environmental savings.

3 Quality of Service

The wireless sensor network could offer better diagnostics since it has access to much
more information. Fig. 4 illustrates the case where there is a low water level in the
radiator circuit. The pump has a pressure sensor and when the pressure is too low,
the Mulle onboard the pump asks the heat provider to send an SMS or telephone text
message to the end user to add water to the radiator circuit. Another example is an over
dimensioned control valve which results in an on-off type control. The indoors comfort
is achieved as the on-off behavior is filtered through the radiators but it creates pressure
waves in the distribution network caused by this on-off type of control. The control
system is aware of its control attempts and can only now communicate the problem to
have a smaller valve installed.

The wireless network with its Internet connection offers new services such as energy
separation which inform users how their total bill is divided between space and water
heating [16]. This information influences end users’ behavior because they can clearly
see what their energy use is and its influence on the environment.

Quality of service is related to reliability of the components within the system. To
address this, statistics of components are collected from which one can estimate the life
of a standard component. To prevent system failure, components are replaced based
on an estimated lifetime. However, statistics show only a trend but nothing about a
specific installation. With the wireless sensor network, any malfunction in the substation
is communicated immediately to the heat provider or home owner thereby detecting
early faults or extending the in-use life of a component until it shows signs of aging.
Additionally, statistics are automatically recorded on a server with not only failure rates
but also in operation information.

4 System of Systems

A demonstration substation is in operation with the wireless sensor network and infor-
mation about its status is currently available to anybody with a web browser [17]. Direct
access to the wireless network and its nodes is password protected such that it cannot be
tampered with. From a heat supplier, information from each substation can offer vital
information about the distribution network and service requests can help the network
save further energy.
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Figure 4: Text message to a home owner that there is too little water in the radiator circuit
with world wide web address to instructions on how to add water to it.

4.1 Network information

Each substation is able to provide information to the heat provider such as the primary
supplied and returned temperatures as well as its through flow. This information assem-
bled together from all the buildings in the district allows a real time overlay to a map
of distribution area. One overlay of the map can paint the heat distribution over the
network and the energy losses in the ground over the portrayed area. This overlay also
informs about the differences between buildings. If, for example, a building has a lower
supplied temperature, it can be that something is wrong with the temperature sensor or
that the underground pipe supplying the building or its insulation is damaged. Another
overlay can alternatively show the difference of temperature between the supplied and re-
turned temperature to alert that a building’s substation is inefficient or has a malfunction
when that difference is too small or too large.

All these views over the district heating network enables a heat supplier to have a
better control over its distribution network and address issues in a very short time.

The Swedish District Heating Association has also sponsored the development of a
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software program that analyzes data to allow a heat provider’s energy use and its pol-
lution contribution [5]. The data currently must be manually entered into the program.
When using real time data, one can obtain the current and accumulated status of the
financial and environmental cost of heating a whole district. This is related to the idea of
energy separation mentioned in the previous section where the end user could for example
see the carbon footprint of his or hers last shower.

The Swedish District Heating Association has in addition developed an on-line database
to track the failure of components [18]. It requires that each heat provider has a tech-
nician to fill in details. With a deployed wireless sensor network, the information from
each node is continuously collected in a database. Automatically analyzing this data
will increase the quality of the statistics as likewise it considers functional components
thereby allowing a correlation between failures and performance to be developed.

4.2 Inter systems cooperation

Having a communication to a central database operated by the heat provider allows for
new cooperation between substations in a neighborhood but also between the heat plant
and the customers to further reduce energy waste. We consider two examples here.

When a node or an access point within a substation needs information it does not
have, it can request it from the central database. For instance, the outside temperature
sensor node has stopped functioning. The node seeking the information notifies the
maintenance department to have the node serviced and asks the database if it can get
the value of the local outside temperature made available by one of the neighboring
substations.

The second example addresses one of the current issues with district heating, which
is the daily peaks of heat demand such as the one between 6:00 and 8:00 a.m. when
an ample portion of the population takes a shower. If the heat is originally from an
industrial process, it cannot be expected that the large excess heat comes from an increase
in industrial production. One solution is to use one of the backup heat plants to be
powered to intervene for the duration of the peak. However, to be able to turn on
and off such a plant rapidly, fossil fuel or electricity are used. They are very expensive
financially but also environmentally. In yet another project of the Swedish District
Heating Association which is conducted in Karlshamn [19], it was shown that buildings
which had stored heat in their structure (i.e. thermal capacity) could reduce their space
heating energy consumption in a coordinated fashion to minimize the peak heat demand
without affecting indoors comfort.

Therefore creating a system of systems in district heating is an obvious and natural
progression to reduce energy usage while keeping end customers thermally conformable
and improving quality of service.
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5 Service-Oriented Architecture

We here discuss two levels of services. The first is at the node level or within a system
while the second one is at the level where systems interact with each other.

5.1 Sensor nodes

The Mulle sensor nodes are able to introduce themselves and the information services
they offer using XML meta-data. As an example, a temperature sensor can tell that
it measures temperature in degree Celsius. When adding new nodes after the initial
installation, the system must reconfigure itself without any nuisance. Two issues appear
with this type of concept. The first one is the identity and location of the node while the
second one has to do with the repository of application with those services.

For example, a temperature sensor node must know if it is located in the living room
or in the kitchen. On the other hand the service client must be certain that the “living
room temperature” node is in the same house. Trying to control the temperature in the
neighbor’s living room will prove to be quite a challenge. On the back side of the issue,
people might want to keep the information of the their indoors temperature a private
matter. In any of these scenarios, one solution is to have a service person from the heat
provider involved either in the deployment or the sale of the node to pair it to the correct
system. Another solution is to use the Mulle’s ability to measure signal strength. During
pairing to the network, the building owner should place the new node close to the access
point, allowing the Mulle to be certain that physical proximity identifies the wireless
network it is joining.

The expectation in service oriented architecture is that the client has a repository of
procedures to handle different available services. This can prove to be difficult when we
consider small wireless sensor nodes (limited memory) and in undefined applications. To
illustrate this, consider the substation system has been built for controlling temperatures.
When a humidity sensor node joins the wireless sensor network, how should the system
use the new service? The proposed solution is for the substation nodes to ask the heat
provider if they have in their repository an algorithm which handles humidity information.
And if so, each concerned nodes would request to be remotely reprogrammed (a feature
the Mulle already has). In other words, the repository is not located at the sensor node
but on a server.

5.2 Systems

Services are not limited to nodes but can include other systems. The example to be
addressed is ventilation. Large buildings (office buildings, schools, shopping malls) have
advanced ventilation systems to keep a certain quality and comfort. These systems can
waste energy when the outdoors temperature is cold and the buildings are not used
such as early during the morning peak heat demand. To address this, it is vital for
the different control systems to communicate and exchange information. If a ventilation
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system is upgraded to have a wireless sensor network, it can present its services to the
heating system which then will turn to the remote repository to learn how to cooperate.

6 Conclusion

A wireless sensor network in a district heating substation can optimize the heat extraction
from the distribution network while it guaranties indoors comfort and quality of service.
It is an independent system that function by itself. Within the district heating network,
when several building have a deployed wireless sensor networks in their substations, they
can form an interdependent set of systems that cooperate by sharing information and
support each other. When the heat plant join into the system of systems, the peak loads
can be flattened out. All this results in saving natural resources and reducing cost or
increasing benefits.

The wireless sensor network offers additionally a service oriented architecture, which
at the system level means that two different systems can cooperate together although
they initially did not know how to. The example described in the paper is ventilation of
large buildings like offices and schools.

Using a wireless sensor network with nodes that communicate with TCP/IP simpli-
fies implementation of a system of systems and the use of 6LoWPAN provide system
transparency over the Internet.
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Integration of an IP Based Low-Power Sensor

Network in District Heating Substations

Jonas Gustafsson, Henrik Mäkitaavola, Jan van Deventer and Jerker Delsing

Abstract

In this study, the implementation of a wireless, lowpower, sensor network with IP
capabilities in a district heating substation was evaluated. The aim of the study was to
show that an open standard solution is technically feasible. Low-power wireless commu-
nication was established using IPv6/6LoWPAN on an IEEE 802.15.4 wireless network.
An experimental district heating substation was equipped with sensor platforms in vital
devices located within or near a district heating substation. As a result, all connected
devices could obtain a direct internet connection.

A system with open standards facilitates the introduction of new energy services such
as individual measurements and improved space heating control.

In this study, we found that resource-limited battery-powered devices possess a life
expectancy of over 10 years, using small batteries while participating in IPv6 compatible
communication.

1 Introduction

Embedding low-power wireless devices in district heating substations and surrounding
equipment such as temperature sensors could provide useful services to consumers and
producers. Currently, many different substation control systems on the market can con-
nect to the internet and have various wireless sensor reading systems. However, these
systems tend to be specialized and are only compatible with equipment from the same
manufacturer. Moreover, internet-compatible control systems are often also relatively
expensive, and provide bad scalability.

In general, commercially available heat meters cannot communicate through the cur-
rent infrastructure; thus, specialized communication methods such as mbus, pulse, and
infrared readings must be employed. Therefore, poor communication standards limit
the current usage of heat meters and other equipment in the substation. However, by
sharing information with other devices in the substation, the heat meter could provide
useful feedback and sensing information, which can be used to improve the substation
control functionality. Fig. 1 provides an overview of the development of sensor networks
over the last 20 years. Unfortunately, most equipment currently used in district heating
substations is antiquated.

If heat meters, control systems, and other non-district heating equipment could com-
municate, new services that have impact on both economy and the environment could
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Figure 1: Evolution of wireless sensor networks. Although the scalability of the sensor network
has increased, many industries still use vendor-specific cable solutions. (The figure was obtained
from the literature [1].)

be developed.

The infrastructure required to achieve wireless device communication may be attained
with low-power wireless technology. Small sensor platforms with direct internet access
through standardized wireless technology can provide a solid platform for new services.

A lack of standardized communication protocols is commonly encountered when con-
necting electronic devices from different vendors. In general, devices manufactured by
different companies use different communication protocols, which limits the functionality
of the substation.

District heating substations can be divided into sections based on metering, space heat
control, and tap water control. For a visual overview of a common parallel connected
district heating substation, see Fig. 2, this is also the substation type used in the study.
Typically, information is not shared between these sections; thus, each system can only
be locally optimized. To achieve complete substation optimization, information must
be shared between sections. To this end, wireless sensor-platforms were installed in
temperature-sensors, heat-meters, circulation pumps, and control valves, and new control
methods and services were tested. This empowers us to develop new control methods,
and implementing new services to heat suppliers, building owners and end users.



2. Services 139

Figure 2: A systematic overview of a parallel coupled district heating substation divided into
three sections: metering, heating and hot water system.

2 Services

To control or reduce their energy bill, district heating customers require specific infor-
mation to determine the appropriate action. Currently, the only information available to
the customer is the information provided in the bill or on the heat-meter display.

If information on all devices was available online, customer could easily monitor their
usage and interact with the substation. Examples of services that could be provided by
the substation are explained in the following sections.

2.1 Improved Substation Control

Combined heat and power plants are becoming more common; thus, the importance of
the distribution system ΔT is increasing. In a combined heat and power plant with a
flue-gas condensation system, a high ΔT is even more important to obtain satisfactory
fuel efficiency.

To maintain high energy efficiency, the hot water produced by the plant must be
delivered to customers with a minimal heat loss. Once the hot water is transported to the
customer, a maximum amount of energy per volume of water should be extracted and used
for heating purposes, such as hot tap water and space heating. To achieve a maximum
ΔT, energy transfer between the distribution medium to the point of consumption should
be maximized, while the temperature of the returning distribution medium should be
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minimized.

Unfortunately, there are many challenges in maintaining the efficiency of a district
heating network. Problems related to the equipment that controls the temperature of
radiator water and hot tap water are often encountered. These devices tend to be cali-
brated to satisfy the desires of the customer only; thus, the effects on the energy efficiency
of the entire district heating system are often ignored. One key factor in obtaining a high
ΔT across a district heating substation is the radiator circuit supply temperature. The
radiator circuit supply temperature does not only affect the indoor comfort, but also the
primary return temperature as the returning radiator circuit media cools the primary
media through the heat exchanging unit. Specifically, water returned from the radiator
circuit cools the primary supply through the heat exchange unit. Currently, the radiator
circuit supply temperature is based on the local outdoor temperature, which produces
a stable indoor temperature. However, the primary supply temperature also affects the
ideal radiator supply temperature and the radiator circuit flow. The relationship between
outdoor temperature and primary supply is often assumed to be linear (colder outdoor
air leads to a warmer primary supply). However, significant deviations from the ideal
curve are common. More information on the effect of primary supply temperature and
radiator control on the indoor air temperature and ΔT of the system can be found in [2].

Adaptive radiator control is another intelligent way of controlling the radiator circuit
and obtaining a high ΔT. More information on this method can be found in previous
studies by Lauenburg [3].

2.2 Fault Detection

Control valves in the district heating substation often possess inappropriate dimensions,
resulting in intermittent control, pressure shocks, and high return temperatures. Due
to the high thermal time constant of a building, the indoor temperature is not directly
affected. Therefore, an error in the control valve may go unnoticed for a considerable
amount of time.

Error identification can be achieved by evaluating high frequent meter readings, which
to some extent are done today.

A fouling valve that is stuck or does not move in accordance with the control signal
may also be difficult to detect. A direct comparison of the valve control signal with the
heat meter, which measures the primary flow through the district heating substation,
can be used to identify a broken fouling valve [4].

2.3 Individual Measurements

Individual measurements are common in some countries and are gaining interest in others.
To obtain measurements of each apartment, tap point, or radiator, new metering devices
must be installed. The most straight forward method is to install flow meters at each
tap point and/or radiator. In general, high resolution flow meters are quite expensive;
thus, installing one on every tap point/radiator can be cost-prohibitive.



3. Network Technology 141

An alternative method has been evaluated by Yliniemi [5]. In this method, tem-
perature sensors were installed at each tap point, and one central flow meter was used
to measure the flow through a section, which contained up to 40 tap points. The flow
recorded by the meter and the temperature measured at the tap points were synchronized,
and the integrity of each tapping point was verified by installing inexpensive temperature
sensors at each site and a limited number of central flow meters throughout the building.

2.4 Load Balancing

Dynamic load balancing is a method used to remove heat load peaks and divide power
consumption between buildings. Dynamic load balancing is based on the presence of a
large thermal time constant of each building. For instance, in a building with a high
thermal time constant, the heating system can be turned off when the price of heat
is high or during peak energy hours. An online automatic and independent auction
system is used to decide which buildings will be shut down or provided a limited amount
of thermal power. In this system, all connected buildings are involved in the bidding
process. Specific details on dynamic load balancing are provided in the literature [6].

2.5 Visualized Energy Efficiency

If a large number of district heating substations were connected to the internet, the
performance of different substations could be compared. For instance, the supply/return
temperature, ΔT, energy usage, etc. of all substations could be plotted in a graph, table
or map. Fig. 3 display a map of the return temperature of a substation, which allows the
consumer to compare the performance of their house to others in the area. Moreover,
the map provides the utility company with an overview of the network and improves
the detection of leaks and short circuits. Moreover, the utility company can identify
deteriorating substations or individual installations that perform poorly.

3 Network Technology

A common method of visualizing a network communication protocol is in the form of
stack. A stack consists of layers that are separated by function; thus, a communication
stack contains different layers of tasks related to data transportation. The layers can
be divided and visualized in many ways. For example, the five-layer internet model has
been used extensively in previous studies and is displayed in Fig. 4 [7]. In this paper,
only the layers that are significant to the results of this research will be discussed. Thus,
the network, link, and physical layers are considered in more detail.

3.1 IP (Network Layer)

The internet protocol (IP) is the most well-known and commonly used network protocol
in the world. All traffic on the internet is currently routed through IP. Today, there are
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Figure 3: Performance of a district heating substation visualized on a map. The red square can
represent the supply/return temperature, energy usage, or heat flow in the connected building.

Figure 4: A generic five-layer internet model and its implementation in an IEEE 802.15.4
wireless network.

two co-existing versions of IP, including IPv4, the older version of IP, and IPv6, the latest
version.

3.2 IPv4

Currently, internet protocol version 4 is the most widely used IP, and almost all computers
connected to the internet use this version.

An IPv4 address is 32 bits long and is typically written in 4 sections divided by dots
(e.g., 192.168.100.123). The theoretical number of IPv4 addresses is 232 (approximately
4.2 billion); however, a fraction of addresses is reserved and cannot be used for online
purposes. The total number of usable IPv4 addresses is approximately 3.7 billion. As
the number of devices connected to the internet increases, IPv4 addresses are beginning
to run out.
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Technology such as network address translation (NAT) and port address translation
(PAT) have postponed the depletion of IPv4 addresses; however, the number of available
IPv4 addresses decreases every day.

3.3 IPv6

IPv6 was developed to compensate for the limited number of IPv4 addresses. IPv6
uses a longer address than IPv4 and has several convenient features. IPv6 uses a 128
bit address, which means that there are 2128 possible addresses. Thus, the number of
address per square millimeter of the earth?s surface is 6.7 · 1017. Hopefully, the addresses
obtained through the implementation of IPv6 will last for a long time.

With the additional address space, it is possible to give every small device its own
unique IP number without implementing NAT. Thus, direct communication over the in-
ternet can be achieved without any special gateways. However, the new address space in-
creases the overhead of data packages, which negatively impacts small, low-power devices
because more battery energy is wasted on header data in every wireless data transmis-
sion. However, a new adaptation layer (6LoWPAN) was developed to limit the amount
of lost energy. More information on 6LoWPAN can be found in the next section and in
[1].

In addition to a wider address space, IPv6 also includes stateless autoconfiguration,
which is a function that can be used to automatically configure newly connected devices
without any special servers. To obtain stateless autoconfiguration, newly connected
devices broadcast a router solicitation (RS) message to every listening device. When
a router receives the message, it responds with a router advertisement (RA) message.
The device adds the IPv6 prefix from the router to the local link layer address, creating
a complete IPv6 address. To ensure that another device does not possess the same IP
address, the device broadcasts a neighbor solicitation message to search for a duplicate
address. If another device has the same IP number, the new device shuts down.

3.4 6LoWPAN

6LoWPAN is an adaptation layer that separates the network and data link layer of the
protocol stack. The purpose of the layer is to compress IPv6 headers and minimize
unnecessary data transmission while maintaining IPv6 compatibility. According to the
literature, [8] the 6LoWPAN header uses less than 10% of the total energy used during
packet transmission.

IEEE 802.15.4 physical and data link layers are often used in combination with 6LoW-
PAN; however, other standards can also be applied.

3.5 802.15.4 (Link and Physical Layer)

The most common data link and physical layer used with 6LoWPAN networks is IEEE
802.15.4; however, 6LoWPAN is also compatible with other layers. Moreover, IEEE
802.15.4 is also the basis for ZigBee, Wireless HART, and MiWi. The IEEE 802.15.4
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Figure 5: Schematic overview of the experimental setup. Squares marked with an N in the
6LoWPAN network are sensor nodes (motes).

standard specifies operation at low frequency bands such as 868 MHz (EU), 915 MHz
(US), and 950 MHz (JP), and high frequency bands including 2.4 GHz (World Wide) [9].
The main practical differences between low and high frequency bands are the bandwidth
and communication range. The 2.4 GHz band supports a higher bandwidth but the
range is limited, especially in armored concrete buildings. The low frequency bands have
a moderate bandwidth and a considerably larger range. In a district heating substation,
bandwidth usage can be minimized because rapid changes are uncommon (compared
to many other control/measurement situations) and low frequency groups are preferred.
However, only 2.4 GHz sensor platforms were available at the beginning of this study;
thus, these platforms were used in most of the tests.

3.6 Network setup

The networking hardware used in this study included sensor nodes, a Linksys WRT54GL
router, and an Ethernet to IEEE 802.15.4 edge router. A schematic depiction of the
experimental setup is provided in Fig. 5. To achieve a network setup that was compatible
with IPv6, some reconfiguration was necessary. Currently, every internet service provider
in Sweden does not supply native IPv6 support. Unfortunately, the ISP that was available
at the test site did not support native IPv6. However, IPv6 internet can be accessed by
constructing a IPv6 to IPv4 (6to4) tunnel using customized firmware for the Linksys
broadband router. In this study, such a tunnel was established in the router to supply
global IPv6 functionality to the LAN side. A router advertisement daemon (radvd), was
also installed on the router; thus, IPv6 enabled devices were configured through stateless
autoconfiguration. As a result, full functional IPv6 internet access was provided to all
devices.

The physical connection between the Ethernet network and the IEEE 802.15.4 wire-
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Figure 6: A stack view of the experimental setup.

Figure 7: A generic five-layer internet model and its implementation in an IEEE 802.15.4
wireless network.

less network is done at the edge router (in Fig. 5). Here is where the 6LoWPAN header
compression & decompression is performed to the passing IPv6 packages. This can also
be viewed in Fig. 6, where a stack view of the experimental setup is depicted. As a com-
parison to Fig. 6, Fig. 7 illustrates an example of how vendor specific products currently
connect to the internet, using proprietary protocols, which makes them incompatible
with devices from other manufacturer. The scalability is hence limited to devices from
the same manufacturer, which tends to be a short term solution.

3.7 Sensor platforms

The sensor platform used in the study, is the Mulle v5.2 [10]. Other similar available
sensor platforms are among others Micaz [11], AVR Raven [12] and Sensinode [13]. We
choose to work with the Mulle platform since it has a very good performance to energy
ratio.

To obtain IPv6/6LoWPAN functionality in the Mulles, the lightweight operating
systems Contiki [14] and TinyOS [15] have been successfully ported to the Mulle platform.
Both operating systems were specifically designed to be compatible with resource limited
embedded systems such as Mulle. Moreover, Contiki and TinyOS both support IPv6 and
6LoWPAN. However, TinyOS was selected for this study because stability issues due to
edge-routing problems with Contiki.
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3.8 Sensor platform energy usage

Obtaining an acceptable life expectancy is one of the biggest challenges to battery pow-
ered, wireless devices. In Sweden, heat meters are inspected every 5 to 10 years, depend-
ing on the size of the meter. The life expectancy of wireless devices should be equivalent
to the inspection period to avoid frequent and expensive battery replacements. All sensor
nodes do however not need to be battery powered. In the case of available electric power
in close proximity, e.g. for platforms mounted in pumps or valves there is no explicit
need for batteries since there are electricity available. At other sensor platforms, battery
power is the only feasible solution, for instance outdoor temperature sensors.

To determine the amount of energy used by a wireless sensing device, the current at
the sensor platform associated with IPv6/6LoWPAN communication was measured. To
measure the current used by the device, a 1 ohm high precision resistor was connected in
series to the Mulle power connector. The voltage drop generated across the resistor was
amplified 100 times with a MAX4372H amplifier circuit. Using an analog acquisition
card, the amplified signal was measured and stored in an ordinary PC. Due to poor
precision at very low current, complementary measurements were performed with a high
precision ampere-meter to determine the current usage of the Mulle, when it was in deep
sleep mode.

To evaluate the energy cost of transmitting data packets with UDP on IPv6/6LoWPAN,
packets with payload sizes between 1 and 100 bytes were transmitted, and the expected
lifetime of the sensor was calculated. Fig. 8 displays the expected lifetime of a sensor
with a 500 mAh battery and a 15 minute transmission interval. Out of curiosity, both
TinyOS and Contiki were programmed to transmit UDP packets of different sizes at con-
secutive time intervals to observe any differences in energy usage between the two. The
results indicated that the energy usage of 50 to 80-byte payloads in Contiki and Tiny OS
were significantly different. The observed difference between operating systems is most
likely related to the method of header compression. Specifically, Contiki uses HC1, while
TinyOS is based on HC01. However, both methods are a part of the 6LoWPAN standard.
Additionally, TinyOS uses short addressing, while Contiki employs long addressing. The
type of addressing and header compression used by the OS can be changed, but in this
particular test, default settings were used.

For payload sizes greater than 60/90 bytes, the IP packet had to be divided into two
separate 802.15.4 frames because the maximum frame size of IEEE 805.15.4 is 127 bytes.
The separation of IP packets increased energy usage and decreased the expected lifetime
of the sensor. Thus, software developers should consider the maximum frame size if
absolute maximization of sensor lifetime targeted. However increased payload sizes can
of course be compensated with a larger battery.

As shown in Fig. 8, the fixed transmission interval was set to 15 minutes, and the effect
of transmission interval on the expected lifetime of the sensor was analyzed. Additionally,
sensor lifetime was evaluated at various transmission frequencies and a fixed payload of
80 bytes, as shown in Fig. 9. In accordance to theory the results indicated that a low
transmission frequency has a positive effect on sensor lifetime. In the case of context
aware sensors, which only transmit data when required e.g. when a measured temperature
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Figure 8: The effect of payload size on the expected lifetime of a sensor platform at a transmis-
sion rate of 4 transmissions per hour (1 to 100 bytes).
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Figure 9: The effect of transmission frequency on the expected lifetime of a sensor platform at
a payload of 80 bytes.

exceeds a set threshold, sensor life expectancy will in most cases be increased. However,
the impact of the sleep/standby energy usage will make up a larger percentage of the total
energy usage, which hence will mean that the importance of keeping the sleep current
low will be even bigger.

The predictive life expectancy calculations did not take into account the fact that
batteries loose energy over time, even if they are not in use. Depending on battery type,
this can significantly reduce the expected lifetime of a sensor.
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Figure 10: A Mulle sensor platform integrated with a Kamstrup Multical 601 heat meter. Mulle
is marked by a blue square, and the interface card is indicated by a purple square.

4 Sensor Integration

To provide wireless accessibility to devices in the district heating substation, some simple
interface electronics were developed to integrate Mulle with device hardware. As shown
in Fig. 10, a heat meter was integrated with a Mulle in the bottom module location.

When digital communication interfaces were available (heat meter and circulation
pump), the corresponding application protocols were kindly provided by the vendors
(Kamstrup and Grundfos). The control valve (Siemens SQS-65) was not equipped with
any digital communication interface; however, an analog 0 - 10 V input used to control
the position of the valve and a 0 - 10 V output used to read the position of the valve
were available.

All of the substation devices used in this study were module-based, which allows
manufacturers to produce 6LoWPAN module for large scale deployment.

5 Results

Wireless devices in a district heating substation were successful integrated to support a
IPv6/6LoWPAN network. Due to the range limitations of 2.4 GHz modules, deployment
of several platforms was restricted. However, new 868 MHz platforms are now available
and show excellent preliminary results. 2.4 GHz platforms will be replaced with 868 MHz
platforms during the spring/summer of 2010.

A lifetime of 10+ years can be achieved with 500 mAh battery and an average trans-
mission interval of 15 minutes using IPv6 compatible communication; thus, the life ex-
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pectancy of battery powered sensors did not have a negative effect on integration.

6 Conclusion

Integrating an IPv6/6LoWPAN wireless network in a district heating substation can
significantly increase the functionality and scalability of the substation and supply new
services to both producers and consumers.

Using an open, well documented, and tested protocol increases the possibility of
interoperability between products of different manufacturers. This study revealed that
available technology can be used to achieve IP-based wireless communication. However,
a considerable amount of work on smart application layers must be conducted before
wireless sensor networks in district heating substations can be deployed and used to its
full potential.

7 Future Work

To achieve complete device compatibility, the application layer(s) of the integrated net-
work must further developed. One interesting approach is to adapt the service oriented
architecture in web-based services to low-power sensors. Available service oriented ar-
chitectures (SOAs) such as DPWS are developed primarily for large enterprises and are
not intended to be used with a resource limited device that possesses a low-bandwidth
link. However, the functionality of this architecture would support a convenient solution
for direct sensor integration in enterprise systems.

The integration of sensors and SOA such as DPWS is a challenging but intriguing
task.
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Jonas Gustafsson

Abstract

A large number of potential applications for Wireless Sensor and Actuator Networks
(WSAN) have yet to be embraced by industry despite high interest amongst academic
researchers. This is due to various factors such as unpredictable costs related to develop-
ment, deployment and maintenance of WSAN, especially when integration with existing
IT infrastructure and legacy systems is needed. Service-Oriented Architecture (SOA) is
seen as a promising technique to bridge the gap between sensor nodes and enterprise
applications such as factory monitoring, control and tracking systems where sensor data
is used. To date, research efforts have focused on middleware software systems located in
gateway devices that implement standard service technology, such as Device Profile for
Web Services (DPWS), for interacting with the sensor network. This paper takes a dif-
ferent approach - deploying interoperable Simple Object Access Protocol (SOAP)-based
web services directly on the nodes and not using gateways. This strategy provides for
easy integration with legacy IT systems and supports heterogeneity at the lowest level.
Two-fold analysis of the related overhead, which is the main challenge of this solution,
is performed; Quantification of resource consumption as well as techniques to mitigate
it are presented, along with latency measurements showing the impact of different parts
of the system on system performance. A proof-of-concept application using Mulle - a
resource-constrained sensor platform - is also presented.

1 Introduction

The ability of networked, embedded devices to monitor and control various physical pa-
rameters of the environment as well as communicate the data over the Internet makes
them a foreseeable source of innovation in many fields: from factory automation to use in
smart homes and healthcare. While the benefits of integrating these devices with enter-
prise systems and services are evident from the perspective of business process synergy,
many challenges still prevent widespread integration of sensor nodes into Manufactur-
ing Execution Systems (MES), Enterprise Resource Planning (ERP), accounting and
distribution systems.

Dealing with the heterogeneity of devices and software systems requires a flexible
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Figure 1: Sensor nodes are integrated with enterprise systems using standard SOAP-based web
services

solution that can lower complexity and decrease development, deployment and system
maintenance costs. Service-Oriented Architecture (SOA) has proven successful in leverag-
ing these costs in the enterprise domain, and research analysis has shown its applicability
in the embedded systems domain [1]. The prototype systems implemented within the
European project SIRENA [2] as well as some commercial products that provide support
for Device Profile for Web Services standard [3, 4] further prove the applicability of the
SOA concept in the embedded domain. However, applying SOA to deeply constrained de-
vices such as sensor nodes is still an open research problem due to unacceptable overhead.
Therefore, many research papers have been devoted to finding the most appropriate SOA
technology e.g. [5] for that or even to proposing a new service architecture that is more
or less compatible with the standards [6]. However, the majority of research efforts have
been directed towards using middleware software running on more capable devices or
gateways [7]. This middleware is responsible for exposing the functionality of the whole
sensor network as services using standard SOA technology. In this way, communication
within the network still uses specialized, proprietary protocols; moreover, those service
models that are employed are simplified and not standardized. This approach has the
benefit of leaving the resource-intensive tasks related to standard service implementation
to the gateway, but also has some drawbacks such as a single point of failure, an inability
to support heterogeneity on the node level [8], etc.

Although the node-level service implementations have already been proposed, there
are no studies investigating the applicability of deploying fully interoperable and compli-
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ant services, such as those described in WS-I Basic Profile 1.0 [9], directly on the sensor
nodes. This is due to the general perception that the use of XML-based services on
highly constrained sensor nodes is inapplicable or even impossible, as stated by Leguay
et al. [10]. The higher overhead, in terms of power consumption, latency, RAM and
CPU usage, related to serialization, transmitting and parsing of verbose XML messages
is undisputed, and has in fact been well studied by Groba et al. [11] where empirical data
that quantifies the overhead of web services on embedded devices is presented. Especially
challenging are the high memory requirements resulting from the need for large buffers
used to accommodate the XML documents.

In this paper, we present few techniques for improving efficiency that allow us to
deploy standard SOAP [12] web services on resource-constrained sensor nodes. These
techniques are implemented in a proof-of-concept application that connects sensor nodes
to an enterprise application. The architecture of the experimental setup is shown in
Figure 1. Among others, we applied sensor data aggregation for reducing the transmission
time and active mode intervals of the nodes, and hence increasing battery life. As this
technique is not applicable in general case a real-world scenario which allows for such
aggregation is also presented.

The remainder of this paper is structured as follows - we provide a motivation for our
work in Section 2. Section 3 summarizes the related work in the area and presents some
of the technologies used. Section 4 goes into details about the problems related to the use
of SOA in WSAN. Section 5 presents our sample application together with performance
measurements. In Section 6, we give the possible improvements and extensions to our
work, and Section 7 concludes the paper.

2 Motivation

As pointed out by Jammes et al. [13], the manufacturing enterprises, pushed by the
global competition, are seeking ways to increase their responsiveness to the market de-
mands on a real-time scale. At the same time, the costs for maintaining the process
flows evolution or modification are substantial due to the semi-automatic, or even error
prone manual, configurations involved. This drives the need for cross-layer integration
between the shop floor and enterprise systems, which was also a main objective for the
SOCRADES project [14]. As an outcome of this project, an architecture for vertical
integration based on the SOA approach was proposed, where the ERP and MES systems
together with shop floor devices are integrated using web services. A diagram from the
SOCRADES Roadmap [15], shown in Figure 2, represents this idea. As depicted, the
resource constrained devices, including wireless sensors and actuators, are exposed to
the SOA interface through service gateways or mediators. The work presented in this
article is an extension to the aforementioned SOA architecture aiming at deploying the
service interface provided by the gateways directly on the wireless nodes. This is made
possible due to the advancement in embedded systems hardware but also the application
of resource-aware implementation techniques.
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Figure 2: The SOCRADES cross-layer approach

3 Background and Related Work

Service-Oriented Architecture denotes the usage of well-defined and self-contained func-
tion calls between distributed nodes independent of the location and platform of the
parties involved. It also implies that interoperable network protocols for communicat-
ing service requests and responses are available. Although many challenges still remain,
there are different approaches for providing low layer (physical and data-link) integration
of wireless networks in an industrial environment [16]. In this work we focus on provid-
ing application layer integration with the use of an access point for the data-link layer
integration and TCP/IP stack on the network and transport layers.

There are many service technologies that are built upon the SOA approach: CORBA
[17], UPnP [18], OPC-UA [19, 20], Jini [21] and different flavours of web service tech-
nology (SOAP-based [12], RESTful [22], etc). The web services conforming to the Web
Services Description Language (WSDL) [23] specification are designed to be application-
and transport protocol-agnostic, which leads to compatibility issues. For that reason,
different web service profiles are specified to leverage the diversity of network protocols
used and to adapt the specifications to a particular application domain. Services in en-
terprise systems mostly conform to WS-I Basic Profile 1.0, while Devices Profile for Web
Services is used to define a set of protocols to enable plug-and-play behavior for embed-
ded networked devices. Both profiles rely on SOAP as an application layer protocol for
serialization of service requests and responses.

Advantages and disadvantages of the aforementioned service technologies applied to
different applications are already being studied by researchers (e.g. [2]); thus, a compar-
ison of them is not included in this paper. The analysis performed in research projects
such as ITEA, SIRENA and SOCRADES gives priority to SOAP-based web services in
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Figure 3: Direct orchestration of sensor node and enterprise web services is made possible due
to their compatibility

which the devices are integrated with the IT systems using DPWS. The main argument in
support of this architecture is the possibility to apply service orchestration of embedded
and system services directly without the need for adapters, as shown in Figure 3. The
flexibility of this solution, known as process choreography, is the cornerstone of efforts to
keep pace with the ever-changing business models in manufacturing enterprises [24].

When non-SOAP-based web services or different SOA technologies are used, employ-
ing translation middleware is mandatory when working with standardized service orches-
tration, such as Business Process Execution Language (BPEL) [25]. Although some of
the commercially available Enterprise Service Bus (ESB) solutions provide adapters for
CORBA, OPC-UA and others, the direct use of SOAP-based services results in higher
flexibility and loose coupling between distributed system components. Based on these
considerations and to be consistent with the state-of-the-art in the SOA for devices, the
work presented in this paper also considers SOAP-based web services.

To ensure interoperability, SOAP web services are entirely based on open standards
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and rely heavily on the usage of XML and XML Schema Definition Language (XSD).
Thus, each SOAP message is a XML document that must first be serialized, transmitted,
received and then parsed. To avoid these resource-intensive operations being performed
on the sensor nodes, researchers are investigating the use of middleware software deployed
on gateway devices that first communicate with the nodes in an ad-hoc manner and then
translate their functionality as web services to external systems. An example of such a
design was proposed by Avilés-López et al. [26]; In his system, the middleware included
an advanced registry mechanism. A similar solution that also incorporated a light-weight,
ad-hoc service protocol within the sensor network was presented by Leguay et al. [10].
In that work, the translation between internal and external DPWS-compatible services
was done on the gateway. The architecture supports one-to-one, but also many-to-one,
relations between the services with a highly flexible eventing mechanism built upon hi-
erarchical subscriptions. Another approach more closely related to the work presented
in our paper is that by Priyantha et al. at Microsoft Research [27]. Instead of using
specialized, ad-hoc services for node-to-node communications, they proposed to use web
services described by WSDL. To keep the overhead low, these services were implemented
using HTTP binding and not SOAP. This provides for shorter and easier to parse and se-
rialize messages but also implied constraints on the structure of the data transmitted and,
especially, impaired the compatibility with enterprise systems. To address these issues,
Priyantha et al. proposed an external server called Controller that more or less fulfilled
the role of the gateway middleware presented in the previous papers. The controller
served as a proxy that translated the internal web services to SOAP-based services and
provided eventing through the use of WS-Eventing. In this way, the client applications
communicated with the sensor nodes indirectly through the controller. Also presented in
that paper are different techniques to lower the XML-related impact on performance as
well as an analysis of possible application scenarios where this approach will lead to cost
savings.

In contrast with the aforementioned approaches, the solution presented in the present
paper deploys fully compatible SOAP-based web services directly on a highly constrained
sensor platform and hence eliminates the need for additional middleware. In this way,
its main contribution is an efficient implementation that combines a lightweight TCP/IP
stack - lwIP [28] and a gSOAP [29] web service toolkit. The lwIP provides two different
APIs to access the network services: a low-level ”raw” API relies on callbacks, and a
higher-level ”sequential” API is easier to work with but also implies higher resource
consumption. We used the ”raw” API to minimize the footprint of our solution.

The gSOAP toolkit includes a highly efficient runtime environment to process SOAP
messages that uses either a general-purpose XML parser or an application-specific one
that can be generated from the service description (WSDL) file. The use of an application-
specific parser and serializer provides for lowering the RAM and ROM utilization, as the
processing logic for the input and output generators is optimized for the specific usage,
and there are no execution paths left unused by the application.

SOAP-based service implementation with a general-purpose XML parser on Tmote
Sky was reported by Yazar et al. [30]. Their solution differs from our approach in that
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it does not provide tool support for developing SOAP-based services but rather is only
used to evaluate the performance of their RESTful implementation, as stated in their
paper: ”The SOAP-based implementation is used as a reference point in performance
evaluation and is not intended for general use.” Also not included in the work of Yazar
et al. is a mechanism to dynamically discover the network location of a service, neither
by their RESTful nor their SOAP implementation.

A work that is aiming at deploying standard-based embedded web services directly on
resource constrained sensor nodes is available from open source project WS4D-uDPWS
[31]. Although, the intended outcomes of WS4D-uDPWS and our approach are very
similar the implementation techniques differ in many aspects. First, the network layer
used in WS4D-uDPWS is uIP TCP/IP stack [32]. It has smaller footprint than lwIP
but provides lower throughput. Second, while we built our solution on an existing ser-
vice implementation (i.e. stripped version of gSOAP), uDPWS provides its own web
service runtime which is highly optimized and has smaller RAM and ROM footprint
than our runtime. However, WS4D-uDPWS does not provide tool support for generat-
ing the application-specific parts of its runtime based on the WSDL service descriptions.
Code-generation is provided, but it is based on text files with formatting and naming con-
ventions specific to WS4D-uDPWS. Moreover, while the processing of the SOAP headers
is automated, the parsing and serialization of the SOAP body is left to the web service
developers.

4 SOA on Sensor Nodes

Due to the number of nodes in WSN, it is very important to deploy and configure sensor
nodes with the least manual work possible. The initialization and configuration param-
eters can depend on various conditions, most probably originating outside of the sensor
network. Looking at factory automation as an example, these conditions are connected
to MES systems but also to strategic decisions in ERP systems, historical data from
databases, etc. Any changes done in these systems that affect the behavior of the sensor
nodes must be propagated down while sensor data, after undergoing filtering and aggrega-
tion, must be propagated up. Using SOA all the way down to the smallest devices results
in increased compatibility, where auto-configuration and plug-and-play capabilities can
be modeled as services. In such way, higher flexibility for tuning or even changing the
manufacturing processes is achieved stemming from direct interactions between all sys-
tem components. However, this flexibility also leads to complex systems integration and
difficulties when defining or verifying the required functionality of particular module or
the system as a whole. Handling this complexity requires data models that constrain the
possible interactions and formats for data exchange. Example of such set of data models
for manufacturing domain is Business to Manufacturing Markup Language (B2MML)
used to link business systems such as ERP and supply chain management systems with
manufacturing systems such as control systems and MES [33]. Similar models used for
interfacing sensing devices are described by Sensor Model Language (SensorML) [34].
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4.1 Web services

The main drawback to using SOAP-based web services is the need to parse verbose
XML documents. However, there are already a number of compression techniques that
require a factor of ten less RAM, CPU and bandwidth as compared to text-based XML.
The most promising of these is Efficient XML Interchange (EXI) [35], a W3C candidate
recommendation as of December 8, 2009. EXI is defined as an alternative mean to
represent the XML Information Set [36] that provides one-to-one translation to text-based
XML representation. Depending on the document properties and processing options
specified, EXI provides between 50% and 99% reduction in size and up to 15 times faster
processing. The work presented in this paper shows that even verbose XML can be used
as a service message protocol for sensor nodes; future binary XML representations will
only extend the applicability of the presented solution. Introducing the EXI encoding
to embedded web service implementations however, will require the ability to change
the XML parser and serializer with EXI ones. Our first attempt in this direction is
the creation of EXIP open source project1. Another question arising from the use of
binary encoding is how to connect embedded EXI encoded web services with text-based
enterprise services. One such techniques that is already available as a commercial product
is to introduce a transparent HTTP proxy in between. The role of the proxy is to translate
binary EXI encoding to text-based XML and vise versa.

4.2 Tools

The development of web service applications depends upon a runtime system responsible
for the network communications, parsing, validation and serialization of service requests
and responses. Besides the runtime system, software tools are used to map data structures
in the XML to programming language constructs - also known as XML data binding.
Based on the characteristics of our target domain, the required properties of the SOA
runtime system and supporting tools are as follows:

� written in programming language that is used for sensor and actuator nodes devel-
opment - currently most widely used are C and its dialect nesC [37].

� easily portable on different embedded platforms.

� featuring small footprint implementation.

� highly configurable - it should be possible to remove features that are not used or
needed.

For C language, there are two web service toolkits, namely, gSOAP [29] and Apache
Axis2/C [38]. While gSOAP supports and has been ported on several embedded plat-
forms, Axis2/C is mostly used on Windows and Linux machines. Moreover, based on
statistics available in [39], gSOAP provides better performance. Its runtime has a wide

1Efficient XML Interchange Processor - http://exip.sourceforge.net/
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range of features that can be selectively included or excluded from it. The version of
gSOAP used in our solution has the following components removed: XML DOM parser,
HTTPS and SSL support, compression, logging module, all support for attachments in-
cluding SOAP with Attachments, MIME, DIME or MTOM, HTTP chunked transfer
mode.

5 Proof of Concept

WS-I Basic Profile 1.0 defines a bare minimum of constraints on the WSDL specification
that make different web service implementations compliant. Examples of such constraints
are the use of SOAP version 1.1 binding, HTTP 1.0 or HTTP 1.1 as a transport protocol.
The applications developed using our solution are compliant with WS-I Basic Profile 1.0
provided that the “-1” command-line option is used when executing gSOAP soapcpp2
code generator. In this way, the runtime uses SOAP 1.1 namespaces and encodings for
the web service messages.

DPWS, in contrast, poses many more requirements aimed at providing plug-and-play
capabilities as well as automatic deployment and configuration. It also denotes the usage
of SOAP version 1.2 as well as the addressing fields in the SOAP header defined in WS-
Addressing specification. Moreover, a set of predefined services must be available on the
devices willing to comply with the DPWS standard. As an example, a manifest service
called device is responsible for hosting and advertising the other services that represent
the functionality provided by the device. Another predefined service with an interface
consisting of six operations is specified in WS-Discovery [40], a protocol that enables
dynamic discovery of available services on the network without the use of centralized
registry such as UDDI. All six operations use SOAP-over-UDP [41] to minimize network
traffic. Figure 4 shows all of the protocols included in the DPWS specification, with
those not covered by our solution illustrated with hatching.

When the required settings for using SOAP v1.2 and SOAP-over-UDP are specified
as described by the gSOAP documentation, our current solution supports SOAP-over-
UDP, SOAP 1.2, WSDL 1.1, WS-Addressing and certain parts of WS-Discovery. Two
WS-Discovery operations are included in our implementation: Probe, which is a query
multicasted to specific IP multicast address and port, and ProbeMatch, which is the
response of the queried nodes to the Probe message. The use of discovery proxies, as
defined by the specification is not supported. Nevertheless, this limited implementation is
sufficient to locate a service advertised by a WS-Discovery-compliant device. As the PKI
based security described in WS-Security is not implemented, the presented approach is
only appropriate for non-critical applications where the sensor nodes are behind enterprise
firewall. The next subsection will introduce the architecture of the proposed solution.

5.1 Architecture

As was already stated, the web service implementation presented in this paper is built
upon the gSOAP toolkit. The gSOAP design supports different network layers with BSD-
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SOA application

WS-Discovery WS-Eventing
WS-

MetadataExchange

WS-Addressing WS-Security WS-Policy

SOAP 1.2
WSDL 1.1, XML Schema

UDP
HTTP 1.1

TCP

IPv4 / IPv6 / IP Multicast 

Figure 4: DPWS protocol stack. Parts not covered in this work are illustrated with hatching

socket API supported out of the box. However, its runtime is written with the perception
that the network interface it uses supports sequential execution, which requires the use of
threading. Thread-based network APIs provide abstraction of the complex event-driven
nature of network communications. The trade-off inherited from this abstraction is a
higher resource consumption, which makes it not suitable for highly constrained sensor
nodes [28]. So, to use the event-based “raw” lwIP API, the network layer of gSOAP
runtime was rewritten and an additional lwIP wrapper was introduced. This includes
splitting of the sequential execution blocks that contain blocking network operations
into smaller non-blocking programming sequences connected with callback functions. As
an example, consider the following simplified programming fragment that uses threaded
network layer:

Block_1() {

blocking_connect();

/* The TCP connection is established */

serialize_http_header();

blocking_send();

/* The http header is sent */

serialize_soap();

blocking_send();

/* The soap message is sent */

cleanup();

}

The equivalent functionality based on non-blocking lwIP network operations and call-
backs is coded as follows:
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Block_1() {

store_soap_state();

lwip_connect(); /* calls Block_2() when connected*/

}

Block_2() {

serialize_http_header();

lwip_send(); /* calls Block_3() when the header is sent*/

}

Block_3() {

serialize_soap();

lwip_send(); /* calls Block_4() when the soap is sent*/

}

Block_4() {

cleanup();

}

The listings also present the concept of transmission on the fly - when the HTTP
header is serialized, it is sent over the network. Then the sending buffer is released
and used for storing the SOAP message before its transmission. The same technique
is used on the receiving side: when the HTTP header is received it is parsed and then
the receiving buffer is released. In this way, the size of the buffers, and hence the RAM
usage, can be restricted.

The overall architecture is depicted in Figure 5. The modules responsible for power
management, sampling the sensors and aggregating the data are not affected by the
service interface; hence, legacy code can be reused. Instead of connecting the input and
output of the sensor application to a network API implementing proprietary, specialized
protocols, the data are passed to the gSOAP runtime using handlers. The runtime
serializes the output data to a SOAP message, and then uses lwIP to send it over the
network. The opposite is true for input data: it is first parsed and then forwarded to the
sensor application. The interface describing the services provided by and consumed by
the nodes is available through the use of standardized Web Service Description Language.
This allows for so-called top-down SOA development, where the WSDL interfaces for the
nodes are defined first - usually using graphical tools2 - and then are used to generate the
SOAP runtime. At the end the developer connects the provided interface with the sensor
application. This is the approach used in the development of our testbed, described in
the subsequent subsections.

5.2 Mulle sensor platform

The Mulle sensor platform [42] used in our experimental setup is equipped with a Renesas
M16C/62 microcontroller running at 10 MHz with 31kB RAM and 384 kB ROM. A

2In our use case we used Eclipse WSDL Editor
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Figure 5: System architecture

Mitsumi Bluetooth radio transceiver, operating at 57 kbit/s, was used in our testbed to
enable mobility through the use of a mobile phone as an access point. The Mulle sensor
platform is also available with an IEEE 802.15.4 radio transceiver, which also can be
employed instead of the Bluetooth one, provided that the lwIP stack is configured for
using it.

5.3 Proof of concept experiment

To test the applicability and performance of our solution, several services were imple-
mented. The first was a very simple, light service with operations for switching a LED on
and off and for checking the status of the LED. Tests were performed under different sce-
narios with the service being hosted on a sensor node using our solution, on a stationary
PC or on both. To check compatibility, two different implementations of the light service
were used on the PC. The first was C-based, using a gSOAP port for Linux. The other
was Java-based, using JAX-WS API running on a GlassFish server. In both cases the
interactions between the sensor node and the PC proceeded without any compatibility
problems.

For the second test, it was decided to replicate a real-world scenario where, despite
the overhead, the SOA implementation would still be beneficial to use [43]. In such an
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application, the system must lack any real-time properties. Also, it should be possible to
aggregate the sensor data before its dissemination that should happen at long intervals.
The source of inspiration was a district heating project [44] aimed at increasing the
efficiency of energy distribution.

District heating scenario

In today’s district heating substations, different sensors and actuators are hard-wired
together. This limits the possibilities for system optimization as communication barriers
limit the information interchange. With wireless sensor platforms integrated in such dis-
trict heating devices as a circulation-pump, heat meter and temperature sensors, greater
opportunities for system optimization are achieved as information can be interchanged
without limitations.

With a service-oriented architecture integrated in the end nodes, there is no direct
need for a central control unit, as the sensor nodes are powerful enough to control the
relatively slow heating process. The slow process makes the use of SOA over WSAN
particularly suitable as there is no need for frequent data transmission, which would de-
crease the expected life-length of the sensor platforms. Thus, the nodes are in sleep mode
most of the time with short active intervals for sensor sampling and data aggregation.
The transceiver is infrequently turned on only when the highly aggregated data are sent
directly to the enterprise systems responsible for heating process management.

In our testbed, nodes were equipped with temperature and humidity sensors, and
the data sent to the server consisted of multiple metrics, such as current sensor readings
as well as the average, minimum, maximum and standard deviation of the temperature
and humidity for a given period, as shown in Figure 6. The intervals in which the
sensor nodes communicate the data were controlled by the management system. For the
implementation of the heating process management system we chose the SOA Swordfish
toolkit [45] that supports deployment on a Java EE application server. Also implemented
on the server was a Java version of WS-Discovery, which was used to advertise the heating
service on the network.

The implementation started with modeling the desired interactions between the sen-
sors and the management system using Web Service Description Language. The abstract
WSDL service definitions were then fed into Swordfish framework to generate the seri-
alization and parsing code. The same WSDL interface was used by the gSOAP code
generation tools. The code produced was then combined with our modified gSOAP run-
time, lwIP and our network layer wrapper, which were deployed on the Mulle sensor
platform. To avoid manual configuration of the server address for each sensor node,
two operations of the WS-Discovery were also implemented and deployed on the sensor
platform to dynamically locate the heating service.

Mobility scenario

The heating management service was also used as a testbed for a mobility scenario
where a sensor node is being carried by a person with a Bluetooth-enabled mobile phone.
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<hts:GetSummary>
  <Temp>
    <Current>19.3</Current>
    <Average>18.2</Average>
    <Min>17.4</Min>
    <Max>21.0</Max>
  </Temp>
  <Humidity>
    <Average>65</Average>
    <StdDeviation>5.0</StdDeviation>
  </Humidity>
</hts:GetSummary>

Figure 6: Segment of the service request initiated by the Mulle sensor node. It contains an
aggregation of the sensor data for the period of interest

This can be useful for assisting and documenting manual inspections and diagnostics of
industrial equipment by technicians for example. The phone provides access to a 3G
network that enables connectivity of the sensor node and the Java server on a TCP/
IP layer. With this infrastructure setup, the sensor node seamlessly communicates the
aggregated sensor data to the enterprise application using web services. However, an
important requirement in this scenario is the presence of a secured VPN connection
between the mobile phone/wireless HMI and the enterprise network as our solution does
not support the WS-Security specification and the connection is established from outside
the enterprise firewall.

5.4 Performance measurements

A gSOAP runtime with no network layer or deployed services requires around 5.5 kB of
RAM and 123 kB of programmable memory. For each service (client or server) added,
an additional 13 kB of ROM is required, on average. During service invocation 3 kB of
RAM are allocated and hence need to be available on the system. If only one service is
executed at a time, the overall RAM consumption is 8.5 kB independent of the number of
services added. However, allowing different service executions to be interleaved requires
an additional 3 kB of RAM for each service deployed.

The time needed to parse and serialize a particular request or response is highly
dependent on its size, structure and the number of namespaces used in the XML doc-
ument. Table 1 shows the processing time for messages used in the LED and heating
service examples.

To evaluate the latency overhead, we used the GetStatus operation of the LED web
service hosted on a PC with a Bluetooth v1.2 dongle. A Mulle sensor node, with LED
service client implemented using our solution, was also set up within transmission range
- Figure 7.

Furthermore, we implemented a duty cycle on the node such that it periodically waked
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Table 1: Time needed by the Mulle sensor platform to process SOAP messages

Figure 7: Experimental setup

up and sent GetStatus SOAP request, then waited for the response, parsed it and went
back to sleep mode. The same interactions between the PC and the Mulle node were
implemented using a bare TCP approach with one-byte payload. In such way the type
of operation (GetStatus or Switch) is encoded using a single bit and another bit is used
to indicate the status (on or off ) of the LED. Although it cannot be applied in practice,
the ad-hoc one-byte TCP implementation represents the shortest possible encoding of
the LED operations over TCP/IP. Figure 8 shows the completion time for our SOAP-
based solution compared to the bare TCP approach. The time measured includes the
TCP connection establishment (also shown as a separate value), transmission time for
the SOAP request and response, serialization of the request by the Mulle node, parsing
of the request by the PC, serialization of the response by the PC and parsing of the
response by the node.

The results show that the time to parse and serialize SOAP messages by the Mulle
sensor node denotes just a small part of the latency related to web service invocation
- 33 ms for the GetStatus LED service or about 6.5 % of the total service execution
time. The larger part is due to the actual transmission. This observation proves that
the use of more compact representation of the service messages, even compression and
other techniques which affect the processing speed, will improve the real-time properties
of the system. Moreover, it takes more than three times longer to complete the SOAP
service compared to a one-byte TCP payload ad-hoc representation of the LED service
operations.
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Figure 8: Completion time in milliseconds for service execution

6 Future Work

The work presented in this paper shows that even highly resource-constrained networked
sensor nodes can be integrated within an IT infrastructure using standard SOA tech-
nology. However, even efficient implementation poses significant performance overhead,
which makes the solution only suitable for applications where the sensor data can be
heavily aggregated and transmitted over relatively long periods. One such example from
energy management domain was presented in the paper, but other applications for home
and factory automation networks would also meet this criterion. The level of data aggre-
gation and the length of non-transmission intervals needed depend on many parameters
such as power consumption, sleep schedule, real-time requirements, etc. Therefore, a
precise analysis showing their exact threshold that would make this solution beneficial is
an important topic for future work. This analysis must take into account all parameters,
and their interdependence, that play a role in the applicability of the SOAP-based web
services.

Applying the same SOA approach to full-scale sensor networks, where most com-
munications are multihop and the nodes use IEEE 802.15.4 radio, is another area for
future exploration. In addition, different ways to lower the related overhead should be
investigated. The most important in this respect is the use of binary encoding for SOAP
messages.

7 Conclusion

Integration of high-end systems with deeply embedded wireless sensor nodes is an im-
portant area of research that aims to provide new possibilities for control and mon-
itoring applications. The solution presented in this paper enables standard-based and
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direct application-layer integration between web service-enabled IT systems and resource-
constrained sensor nodes. Its main contribution is the efficiency of the provided imple-
mentation, which combines light-weight TCP/IP stack implementation and SOAP-based
web service implementation. In addition, we included performance measurements on the
impact of this method on latency. One important observation was that the overhead
related to SOAP message processing is very small compared to message transmission.
We also showed an example application that can benefit from the SOA approach, despite
the related overhead.
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Experimental Evaluation of Radiator Control Based

on Primary Supply Temperature for District

Heating Substations

Jonas Gustafsson, Jerker Delsing and Jan van Deventer

Abstract

In this paper, we evaluate whether the primary supply temperature in district heating
networks can be used to control radiator systems in buildings connected to district heat-
ing; with the purpose of increasing the ΔT. The primary supply temperature in district
heating systems can mostly be described as a function of outdoor temperature; similarly,
the radiator supply temperature in houses, offices and industries can also be described as
a function of outdoor temperature. To calibrate the radiator control system to produce
an ideally optimal radiator supply temperature that produces a maximized ΔT across
the substation, the relationship between the primary supply temperature and outdoor
temperature must be known. However, even if the relation is known there is always a
deviation between the expected primary supply temperature and the actual temperature
of the received distribution media. This deviation makes the radiator control system
incapable of controlling the radiator supply temperature to a point that would generate
a maximized ΔT.

Published simulation results show that it is possible and advantageous to utilize the
primary supply temperature for radiator system control. In this paper, the simulation
results are experimentally verified through implementation of the control method in a
real district heating substation. The primary supply temperature is measured by the
heat-meter and is shared with the radiator control system; thus no additional tempera-
ture sensors were needed to perform the experiments. However additional meters were
installed for surveillance purposes.

The results confirms that it is possible to control the radiator system based on the
primary supply temperature while maintaining comfort; however, conclusions regarding
improvements in ΔT were hard to distinguish.

1 Introduction

With increasing energy demands worldwide, improving the efficiency of energy systems is
an important issue. By utilizing district heating, a great improvement in energy efficiency
can be achieved in the heating market. However, there remains room for improvement
in the technology to make it even more efficient and environmentally friendly.

District heating is a technology that transports energy in the form of hot water
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Variable Explanation Unit

Tps Primary supply temperature ◦C
Tpr Primary return temperature ◦C
Trs Radiator supply temperature ◦C
Trr Radiator return temperature ◦C
ΔT Tps - Tpr

◦C
To Outdoor temperature ◦C
Ti Indoor temperature ◦C
V̇p Primary flow through radiator HEX l/h

V̇r Radiator system flow l/h

Q̇r Radiator system thermal power W

Abbreviations

CHP Combined Heat and Power -
HEX Heat Exchanger -
DH District Heating -
DHS Distrct heating substation -

Table 1: Nomenclature

or steam from a central heat plant to customers. The related technology of district
cooling works in the same way, but instead of distributing hot water or steam, cold
water is distributed [1, 2]. In this paper, we focus on district heating using hot water
as distribution medium. The heat is produced in a central plant where a high efficiency
can be reached, making, district heating an environmentally friendly heating option that
causes less environmental impact than most other heating methods [3].

District heating has been in commercial use since the early 1900s. Today, district
heating networks can be found throughout most of the northern hemisphere, but; they
are most common in the eastern, central and northern parts of Europe.

By centralizing and combining heat and electric power production in a combined heat
and power (CHP) plant, the overall fuel efficiency can exceed 90%. In traditional fossil-
fuel-fired electricity-producing power plants, the fuel efficiency rarely exceeds 50% [4];
the rest of the fuel energy becomes heat that is lost or wasted. In a CHP plant, most of
the “waste” heat can be captured and used, e.g. in a district heating system. By doing
this, the overall fuel efficiency can reach over 90% [4, 5].

A CHP plant connected to a district heating network utilizes the district heating
system as a large heat sink for the cooling water in the power production process. This
creates a win-win situation, as the excess heat produced by power production can be
sold as district heating; this concurrently decreases any environmental effects, as less
primary fuel is needed ( see also [6]). It also saves electricity for use in applications where
electricity is the only practical energy supply, such as lighting, electrical appliances and
in the future possibly also cars.

To maximize the fuel efficiency of a district heating system, it is very important to
have a large temperature drop (ΔT) across the district heating network. By keeping ΔT
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high, more energy per unit volume of distributed water will be utilized [7, 8].

If the district heating network is powered by an extraction condensing CHP plant
[9] operating on thermodynamic principles of the Rankine cycle, ΔT also influences
the electricity production in the CHP plant. The returning district heating water is
used to condense the hot steam coming from the electricity-producing turbines in the
extraction-condensing CHP; a lower returning district heating temperature (higher ΔT)
would increase the steam-condensation capabilities of the condenser. This results in a
larger pressure drop across the turbine, which provides the prerequisites for increased
electricity production. If the temperature of the outgoing distribution medium is also
lowered, electricity production can be further increased.

Flue-gas condensation is a technique that is becoming more common in heating and
CHP-plants. Flue-gas condensation is a technology that extracts the heat in the flue-
gases generated in the fuel combustion process. The technology is especially effective
when burning moisture-rich fuels like biomass. The technology is also used in natural
gas-fired plants, but is often combined with an air humidifier, which dampens the flue-gas
so the heat can be more easily extracted in the condenser. Flue-gas condensation can
improve the overall maximum efficiency of a heat plant by up to ∼30% depending on the
fuel type and temperature of the district heating medium returning to the condenser [10].
A lower return temperature from the district heating network means that more steam
will condense in the condenser, which, in turn, results in a higher overall fuel efficiency
for the plant.

In addition to the objectives described above, an increased system ΔT also contributes
to a reduction in the energy used in the distribution pump, as less volume is needed to
obtain the same amount of energy. The distribution losses from the return pipes will also
be reduced as the temperature gradient to the surroundings is decreased. If the supply
temperature is also lowered, the distribution losses from the supply pipes will also be
reduced.

As energy companies can only charge customers for the energy utilized, the majority
of the total ΔT should be dropped across the customers’ district heating substation;
thus, energy lost in the distribution network also represents a financial loss. In this
paper, we refer to the substation as the link between the primary (distribution) and
secondary network (houses internal space-heating and hot-water systems). We focus on
indirectly connected substations with two (or more) separate heat exchangers that handle
the energy transfer between the primary and secondary systems; see Fig. 1 for a simplified
parallel substation connection scheme. Indirectly connected substations are the most
common type used in Sweden; however, Denmark, for instance, often utilizes directly
coupled systems in which the district heating water is led directly through radiators.

In [11] there are several examples of how a reduced Tpr and/or Tps affects the effi-
ciency of production and distribution. For instance, a heat loss reduction of ∼4% can be
expected if the ΔT is increased by 5◦C, and, simultaneously, the electric power needed
to pump the distribution media will be reduced by 36%. Heat-production savings due to
temperature changes in the distribution network are highly dependent on the production
method; however, a number of computational examples can be found in [11]. Similarly,
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Figure 1: 1, Incoming district heating. 2, Returning district heatning. 3, Incoming cold tap
water. 4, District heating substation. 5, Radiator system. 6, Water tap.

Persson [12] stated that an increase in the system ΔT of 10◦C will result in a ∼55% re-
duction in the required pumping power, and, depending on the heat-production method,
the total primary fuel-source savings can vary between 0.1 and 14%. Thus, there is great
interest in ΔT maximization and Tps/Tpr reduction within the district heating industry.

In this paper, we focus on the optimization of the radiator system’s contribution to
the total ΔT in customer district heating substations.

1.1 Background

In the paper “Improved district heating substation efficiency with a new control strat-
egy” [13], we presented the idea of using the primary supply temperature (Tps) as an
information source for the radiator control system to set the ideal radiator supply tem-
perature (Trs). Simulation results indicated that an increased ΔT can be obtained by
changing the information source of the controlled Trs from To to Tps. By considering
the temperature in the primary supply media, we expect that the exergy content can be
used in a more efficient way.

In this paper, we evaluate the experimental verification of the results presented in
[13] and evaluate additional advantages of a Tps based control approach.
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2 Experimental Setup

To experimentally verify the previous theoretical simulation results, the available control
system in the chosen district heating substation had to be disabled and replaced. The
targeted substation was installed in a single family home; hence, the number of people
affected by unpredicted heating disturbances was limited. This was the same house and
district heating substation that were simulated in [13].

The district heating substation is of parallel coupled type, where the space heating
heat exchanger is a 20 kW, 60-plate heat exchanger. This makes the heat exchanger over
dimensioned for the building which needs approximately 14kW at -30◦C (dimensioned
outdoor temperature, TDOT).

The pump found in the substation was a constant-speed pump that was replaced
with a frequency-controlled pump with the possibility of actively controlling the rotation
speed.

Also, the control valve and the electronic actuator had to be replaced, as no docu-
mentation on how to control the installed actuator was available. The new valve was a
Siemens VVG549.15-0.4, which has a kvs = 0.4m3/h. A Siemens SQS 65 actuator was
mounted on the control-valve and was steered through an analog 0 - 10 V input signal.

To obtain full control and monitor all flows and temperatures, extra instrumentation
and meters were installed in the substation. In addition to the default heat meter that
measures total heat consumption including space heat and tap water usage, separate
meters were installed to monitor only the space heating process. New heat meters of
commercial type and custom-made high frequency heat meters were installed on both
sides of the heat exchanger (primary and secondary side). The commercial heat meters
were standard Kamstrup Multical 601 [14]. The custom flow meters are produced by
D-Flow AB [15]; these heat meters are capable of measure at very high sampling rates
(energy at over 1Hz, and flow above 100Hz). They also support temperature computation
through ultrasonic flow readings, which means that the thermal time constant can be
eliminated. All meters used in the setup comply with the European standard SS-EN
1434 [16].

The communication with sensors, heat meters, the valve actuator and the circulation
pump (DH devices) is achieved using low-power wireless technology. Small embedded
devices with the ability to communicate using low-power radio technology, referred to as
motes (named Mulle [17]), are integrated into the DH substation devices. All motes can
be accessed through the Internet using IPv6 [18], 6LoWPAN [19] and IEEE 802.15.4[20]
standards, which makes the system extremely versatile. More information regarding the
communication set-up and technology used in this experiments can be found in [21, 22]
and [23].

All measurement data from sensors and actuator signal-levels were saved in a SQL-
database for post-analysis.
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HEXK1 K2
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Primary side Secondary side

P

Figure 2: Instrumentation of the district heating substation under evaluation. K1 and K2
depicts Kamstrup Multical 601 heat meters in default configuration. DF visualizes a D-flow
flow meter. T indicates a DS18B20 digital temperature sensors installed as clamp-on, and V
depicts the valve and P the radiator circuit pump.

3 Method

One substation was retrofitted with the additional hardware required to test our alter-
native control approach, leaving us with the option to compare the control methods in
sequential order. First we monitored the traditional control and later the Tps-control
approach.

The comparison of the results between two independent test periods will have un-
certainties due to changes in To, Tps, sun, wind and other parameters influencing the
radiator system.

To obtain more comparable results, a full-year study of both methods should be
performed; however, even then, the results would not be fully comparable, as the weather
changes from one year to the next.

Another method to compare the two control approaches would be to replace the radia-
tor system with a controllable heat-sink to obtain identical circumstances. However, such
a setup is unavailable, and this approach might also lack other unforeseen phenomena.

In our case, the only feasible test procedure was to make changes to the control system
and monitor the results.

3.1 Analysis of traditional control method

The traditional control system uses a fixed relationship between the outdoor temperature
and radiator supply temperature. The colder the outdoor temperature becomes, the
warmer the radiator supply temperature is set to compensate for the higher thermal
needs. The relationship between outdoor temperature and radiator supply temperature
is implemented as a linear approximation in most radiator control systems; in this case,
the available control curve can be described by Eq. 1.

Trs = −0.75 · To + 38 (1)

The identification of an ideal radiator supply temperature as a function of outdoor
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Figure 3: The return temperature in the radiator circuit and the primary return temperature
as function of the radiator supply temperature. The dotted line indicates the minimum primary
return temperature achievable under current circumstances. The difference between Tpr and Trr

is commonly known as Grädigkeit. (Source data obtained from simulation.)
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Figure 4: Ideal radiator supply temperature as a function of outdoor or primary supply temper-
ature, when outdoor - primary supply temperature relation is defined by Eq. 2 (also depicted as
the red line in Fig. 7).

temperature can be made using an iterative approach such as the one explained in [24]. In
[24], different radiator supply temperatures and radiator flows were tested in the radiator
system while keeping the thermal power constant. The process must be performed under
stable external conditions (To and Tps); see Fig. 3 for an example of a simulation where
the Tpr and Trr are plotted as functions of Trs with purpose to find the optimal Trs.
Repeating the procedure over the dimensioned outdoor temperature range will result
in an ideal radiator control curve, such as in Fig. 10 where two ideal radiator supply
temperature curves are depicted. They represent the ideal radiator control curves for our
simulated building, using two independent heat exchanger set-ups.
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Figure 5: Radiator supply temperature control system.

3.2 Primary supply-temperature-based control

To implement the Tps-based control described in [13], we utilized a control loop according
to Fig. 5. All signaling in the control setup is made over wireless links as described in
section 2 and [21]. The discrete PID-controller is implemented in the mote mounted with
the valve-actuator. The primary supply temperature, measured by the heat-meter, is
transmitted to the controller when a change in primary supply temperature is detected
in a reactive approach. The feedback signal from the radiator supply temperature mote
is transmitted at a fixed frequency of 1Hz to the mote handling the PID-calculations,
this could however also be implemented using the reactive approach.

The full PID-control parameter estimation process exceeds the scope of this paper,
but was performed using a step-response analysis in a model of the physical district
heating substation.

3.3 Experimental circumstances

The district heating system in Pite̊a has only one main heat plant. The primary heat
supply leaving the plant, T̂ps, is adjusted along the linear relation described in Eq. 2 when
the outdoor temperature, To, is below 5◦C. In Fig. 7 the theoretical supply temperature
is depicted by the red line.

T̂ps = −1.1 · To + 81 (2)

At the substation of interest, the primary supply temperature were measured every
minute for a number of periods during the winter of 2010/2011. In Fig. 7, the measured
primary supply temperature Tps is depicted as green dots.

The linear approximation of the average measured temperature, T̄ps, is calculated
and and plotted in Fig. 7 as the black solid line. The measurements did not comply
with a normal-distribution according to the Lillie-test [25]. However, when plotted in a
histogram, see Fig. 6, we chose to argue that a normal-distributed standard deviation
could be used to explain the deviations. When normal distribution is assumed, the
standard-deviation STps of the measurements could be calculated to ∼2, using Eq. 3.

STps =

[
1

N − 1

N∑
i=1

(Tpsi − T̄ps)
2

]1/2

(3)
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Figure 7: Hourly average Tps-readings at the substation (green dots), with a standard deviation
of ∼2◦C. The average temperature T̄ps is plotted as a black solid line and the standard deviation
STps is indicated by the black dash-dotted lines. The expected temperature T̂ps is plotted as a red
line.

In Fig. 7, it is shown that the measured average primary supply temperature T̄ps

differs approximately 2◦C from the targeted temperature T̂ps. This is a very small dif-
ference compared to many other DH substations. The further away from the heat plant
the substation is connected, the greater difference is to expect, due to thermal losses in
the distribution pipes.

The standard deviation (STps) of the measured supply temperature is in this case
also relatively small. Larger standard deviations are expected in the peripheral as the
heat losses varies with the heat load, that oscillates throughout the day due to morning
and afternoon peak loads. The standard deviation is also expected to be larger in DH
networks with several heat plants that produces heat at sometimes different temperature
schemes.

The scattering of the real primary supply temperature Tps is the main reason why the
traditional control system can not produce an ideal radiator supply temperature (and a
maximum ΔT). If also the difference between between expected and measured average
primary supply (T̂ps − T̄ps) is large, reconfiguring of the radiator control is needed to
obtain highest possible ΔT through traditional control. Since both the standard deviation
and difference from expected primary supply temperature is small in our case, the possible
gains by using a primary supply considering control method is limited. However, in the
opposite case; where there are big deviations between the expected and real primary
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Figure 8: Schematic drawing of a primary supply based radiator control system with pump
compensated thermal power transfer.

supply temperature and large standard deviation, greater energy savings are possible.

3.4 Implementation of primary-supply-based control

If the Tps-based control is used in combination with a fixed speed radiator circulation
pump and there is a great fluctuations in the Tps - To relation, the indoor temperature
will be negatively affected, as either too much or too little thermal power will be trans-
ferred from the radiator system to the indoor air. To adjust the thermal power without
affecting the radiator supply temperature, the radiator system flow (V̇r) must be adjusted
to a suitable level, to compensate for the deviation from the expected primary supply
temperature T̂ps.

There are several ways of determining a suitable flow rate for the radiator system. The
indoor temperature can be used as a feedback signal for the speed-controlled circulation
pump, when the indoor temperature drops below a set point, the flow is increased, and
vice versa. Another interesting approach is to use the historical relation of outdoor
temperature and thermal power required. Since the thermal power requirements of the
building will not be affected by a new control approach the same thermal power is needed
to maintain a suitable indoor temperature as with a traditional control system. The
historical relationship between outdoor temperature and thermal power can thus be used
to control the circulation pump in the radiator system to obtain a correct thermal power;
see Fig. 8 for a schematic of a substation utilizing such a control method. See also Fig. 9
for a control system view.

To utilize the thermal power compensation method described above, the thermal
power used for space heating must be measured and used as a feedback signal for the flow-
compensating space heating control loop. The heat meter found in traditional district
heating substations usually measures the total energy used, which includes both tap water
heating and space heating. However, in our suggested control loop, we are only interested
in the space heating part. The space heating power consumption can be achieved using
an energy-separating algorithm, like the one described in [26, 27, 28], where a software
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Figure 10: The figure shows the possible reduction of Tpr when using the Tps-control method
compared to the traditional control method. The results are plotted as a function of the deviation
from the expected average Tps. The figure shows simulations of two independent heat exchangers
(blue and red line) of different size connected to the same heating system.

algorithm separates the energy used for space heating purposes from tap water heating.
However, this method has limitations when the number of tap-points/apartments behind
the DH-substation becomes large. In such cases, installing an additional heat meter, that
only measures the energy transferred into the space heating heat exchanger(s) will be
needed. This will, however introduce an additional cost to the substation, which would
be a drawback.

Another possible but still untested method would be to use the Trs-sensor together

with Trr and estimated radiator flow ˆ̇Vr, which can be obtained from some modern
radiator system circulation pumps. These three measurement points, radiator supply
temperature, radiator return temperature and radiator flow can be used to calculate a

reasonably good estimate of the radiator thermal power ˆ̇Qr, according to Eq. 4, where
cp is the specific heat capacity for water in [J/kgK] and ρ the density. This estimated

radiator thermal power ˆ̇Qr, could then be used as a feedback signal for the space heating
control loop.

ˆ̇Qr = cpρ
ˆ̇Vr(Trs − Trr) · 3.6 · 10−6 (4)
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4 Results

To examine the possibility of increasing ΔT, a number of different Tps - Trs relations
were tested to see how the ΔT was affected. In Fig. 11 the results from the different
control methods and curves, clarified in Table 2, can be viewed.

To obtain a reference of the performance of the traditional control method used in
the substation, sensor data were logged for two weeks in November using the available
traditional control system, we denoted this data Toctrl-1.

As a first test, the information source was changed from To to Tps while keeping
the radiator system flow constant at the initial ∼620l/h, we called this control method
Tpsctrl-1. In this DH-network the primary supply temperature changes linearly with the
outdoor temperature when the outdoor temperature falls below 5◦C (see Fig. 7). The
thermal power needed to maintain a stable indoor temperature also increases linearly
with decreasing outdoor temperature. Similar to the traditional control, an increased
Trs will generate more thermal power in the radiator system that indirectly heats the
building. Whether the source of information is the outdoor temperature or primary
supply temperature is actually irrelevant as long as the primary supply temperature can
be predicted by the outdoor temperature, see also Fig. 4.

The Tps-to-Trs relation where further stepwise changed during the test period, as
specified in Table 2. The results can be further studied in fig. 11.

The results show that it is possible to control a radiator system without an outdoor
temperature sensor during winter (To < 5◦C). The building residents did not notice any
negative effects on the indoor climate during the testing period.

The results also show that the functionality of a heat meter can be used for more than
only invoicing; e.g. an equally good or better space-heating control system, compared to
traditional control.

However, the results did not indicate any significant ΔT-increase while the radiator
system flow was kept above 400l/h. Reducing the flow further did increase ΔT, but it also
lowered the indoor temperature as the radiator supply temperature was not sufficiently
high to compensate for the lower flow the thermal power was insufficient, see Tpsctrl-4
in Fig. 11. Utilizing automated radiator control as proposed in section 3.4 can be used
to compensate for this kind of misconfigurations.

The results of using a primary-supply-temperature-based radiator system control
proved to be successful; the indoor temperature was kept constant, and the primary
return temperature proved to be stable and predictive with respect to the primary sup-
ply temperature (Fig. 11a). We found that there was no need to actively control the
speed of the circulation pump to obtain a stable indoor temperature during the test
period (November to January). This is due to the small deviations from the average pri-
mary supply temperature; in other district heating networks, the outcome might differ
due to a larger standard deviation and offset of the primary supply temperature. The
large thermal time constant for a brick-wall house also contributes to stabilize the indoor
temperature if the thermal power supply is fluctuating.
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Curve Relation V̇r[l/h] Time-period

Toctrl-1 Trs = −0.75 · To + 38 620 nov.1 - nov.14
Tpsctrl-1 Trs = 0.68 · Tps − 15 620 nov.14 - nov.25
Tpsctrl-2 Trs = 0.68 · Tps − 10 400 nov.25 - nov.29
Tpsctrl-3 Trs = 0.68 · Tps − 12 450 dec.20 - jan.19
Tpsctrl-4 Trs = 0.68 · Tps − 12 270 feb.01 - feb.08

Table 2: Table explaining radiator control curves used during the test periods.
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Figure 11: Figures show a selection of parameters in the district heating substation as function
of the primary supply temperature. See table 2 for legend explanation.

5 Conclusion and Discussion

In this paper, we have shown that it is possible to use the primary supply temperature
obtained from the heat meter to control the radiator system, generating an optimal ΔT
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for the installed system. This control method improves the predictability of the primary
return temperature without affecting the indoor temperature. When the primary supply
temperature deviates from the expected temperature, a better utilization of the exergy
content in the primary supply medium is possible as a greater ΔT compared to regular
radiator control is achievable. However, more tests should be performed to further verify
this and quantify eventual financial gains.

The greatest potential for ΔT improvement is in district heating networks were the
primary supply temperature cannot be predicted from the local outdoor temperature,
i.e. when the primary supply temperature has a large standard deviation.

In cases where the primary supply temperature has a small standard deviation from
the average expected primary supply temperature (as in our test set-up), the outdoor
temperature sensor can be argued to be unnecessary, at least when the outdoor temper-
ature is below 5◦C. In the outdoor temperature range 5 - 15◦C when there still is a heat
need but normally no change in the primary supply temperature, the flow in the radia-
tor circuit could be reduced to satisfy the requirements of indoor comfort using indoor
temperature sensor(s) as control feedback. During summertime, when there is no need
for space heating the system can be shut down manually, or, if the control system has
Internet access, a shutdown/control signal can be communicated to the substation.

The Tps control approach can also act as a redundant control complement to the
primary radiator control system. This can improve the robustness of substation control
if the heat meter or outdoor temperature sensor fails.

The optimal radiator supply set point is found when the primary return temperature
reaches its minimum under current circumstances (thermal load and primary supply
temperature). In an ideal world, the primary supply temperature and thermal load
(outdoor temperature) will change simultaneously through a known relationship. As
discussed previously, this is not the case in the real world. The ideal radiator supply
temperature is, hence, a function of two independent variables,Tpr and To. To obtain
an optimal radiator supply temperature for all possible combinations of thermal load
and primary supply temperature, a control set plane is needed. Such a plane can be
found using an iterative approach similar to the adaptive approach explained in [29], or
possibly through system identification using previously logged data from a heat meter
and outdoor temperature sensor. This is however subject for future research.
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Limitations to a System of Systems Approach based

on Service Oriented Architecture with Applications

for District Heating

Jonas Gustafsson, Rumen Kyusakov, Jerker Delsing, Jan van Deventer and
Henrik Mäkitaavola

Abstract

Hardwired sensor installations using proprietary protocols found in today’s district heat-
ing substations limit the potential usability of the sensors in and around the substations.
If sensor resources can be shared and re-used in a variety of applications, the cost of
sensors and installation can be reduced, and their functionality and operability can be
increased.

In this paper we present a new concept of district heating substation control and
monitoring, where a service oriented architecture (SOA) is deployed in a wireless sensor
network (WSN), which is integrated with the substation. IP-networking is exclusively
used from sensor to server; hence, no middleware is needed for Internet integration.
Further, by enabling thousands of sensors with SOA capabilities, a System of Systems
approach can be applied.

The results of this paper show that it is possible to utilize SOA solutions with heavily
resource-constrained embedded devices in contexts where the real-time constrains are
limited, such as in a district heating substation.

1 Introduction

To apply a System of Systems approach, system-wide communication must be enabled.
A system-wide communication architecture enables more efficient resource usage where
measurements and services can be reused in a “wrap-and-reuse” fashion instead of the
expensive “rip-and-replace” method used today. The introduction of a system-wide com-
munication does not come easily, however, and a number of limitations have to be over-
come. In this paper, we evaluate the energy and timing cost of utilizing a high level SOA
architecture on resource-constrained wireless devices. The time and energy cost should be
weighed against the cost of using a multitude of specialized solutions, requiring advanced
middleware that often requires frequent “re-calibration” or updates.

As an example application, district heat suppliers can introduce new customer services
and high-level control to improve district heating (DH) system efficiency. Combining
sensors, meters and actuators distributed throughout a DH system with heat plant control
and enterprise systems will enable completely new possibilities for system wide control.
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Customer services such as remote meter reading, fault detection and heat-system control
can be significantly improved and provided directly by heat suppliers or third party
companies.

We now present a short introduction to the key components of our proposed approach.

1.1 Service Oriented Architecture

Service oriented architecture (SOA) is seen as a promising technique to bridge the gap
between various industrial devices and enterprise applications [1]. The closer integration
between ubiquitous embedded systems such as wireless sensor nodes and high-end systems
could lead to higher flexibility in process optimization and evolution. The application
of this concept has been a research objective of the EU framework projects Sirena [2],
Socrades [3] and Soda [4], which had great support from the large industrial actors
such as ABB, SAP, Schneider Electric and Siemens. As part of the outcome of these
projects, a high-level architecture built on top of the web service technology was proposed.
A key element in this architecture was the use of the same communication protocols
on all levels of the industrial enterprise - business, manufacturing execution systems
(MES) and the shop floor. As the deployment of the web service technology on resource-
constrained devices leads to unacceptable overhead in terms of RAM, CPU and network
usage the use of intermediate components such as gateways and mediator services was
suggested. However, the introduction of additional hardware and software modules to
the system increases its complexity and maintenance costs. As opposed to this approach,
the solution presented in this paper deploys the web service interface directly on the
resource-constrained wireless sensor nodes. To lower the resulting overhead, a newly
emerging encoding technique for the XML service messages was employed.

1.2 Wireless Sensor Networks

To enable easy installation and avoid “wirenests”, a wireless approach is preferable.
In this paper, we are advocating a wireless solution based upon open well-established
standards. As there are a number of sensing and actuating devices to be interconnected,
a Wireless Sensor and Actuator Network (WSAN) approach is appropriate.

A WSAN consists of a number of wireless sensor platforms (nodes) distributed over
an area to monitor surrounding conditions, e.g., temperature or flow, or to control a
physical property such as pump speed. The sensor platforms can communicate wirelessly,
generally using radio technology. The number of connected nodes (sensor platforms) can
vary from just a few up to several thousands [5].

During the last few years, the technology of 6LoWPAN [6, 7] has enabled the next
generation Internet protocol IPv6 to be used on top of IEEE 802.15.4 low-power radio
modules. This has enabled the use of standard Internet-suite communication protocols
(TCP/IP family) and cheap, resource-constrained devices [8]. With the ability to use
TCP/IP at the sensor level, the need for gateways with advanced middleware solution is
obviated. It also enables the use of standardized SOA-technologies directly on the sensor
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Figure 1: 1, Incoming district heating. 2, Returning district heating. 3, Incoming cold tap
water. 4, District heating substation. 5, Radiator system. 6, Water tap.

platforms; however, for most SOA-suites to work as intended, relatively powerful com-
puters with high network bandwidths [9], which are unavailable on resource-constrained
sensor platforms, are required.

1.3 District Heating

District heating is a technology in which a central heat plant (boiler) heats a distribution
medium (usually water) to be distributed in an often city-wide underground pipe system
(distribution network). This system can achieve a higher fuel efficiency than the used of
independent boilers in each house, and it also reduces installation cost and complexity
in connected properties because no local boiler has to be installed [10].

The distribution medium temperature (Tps) is controlled by the heat supplier; it is
normally increased in response to decreased outdoor temperatures to compensate for the
increased heat demand and lowered at lower heat loads to limit heat overproduction and
thermal losses.

In DH-connected buildings, the heat carried by the distribution medium is transferred
to house internal housing systems. In most modern DH-systems the distribution medium
is separated from the internal heating systems (space heating and tap water heating) in
a so-called district heating substation (DHS). The heat is transferred through a setup of
heat exchangers to heat both the tap-water and space heating systems. A simplified DHS
installation can be seen in Fig. 1. In the the substation, there are also a number of sensor
and electro-mechanical actuators that control the heat transfer rate to maintain a stable
indoor temperature. For billing purposes, a heat meter is also found in the substation to
measure how much energy the customer uses.

These devices have traditionally been statically hardwired in a predefined setup using
proprietary protocols (analog or digital). In the last few years, wireless indoor and
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outdoor temperature sensors have become more common; however, they are still using
proprietary communication methods. The other devices are still hardwired to a control
unit that interconnects the peripheral devices and hosts the control algorithms.

In [11], a WSN-enabled DHS control system was created using the 6LoWPAN/IPv6
technologies, where the control calculations were performed on the wireless sensor plat-
forms. In this paper, we are evaluating the possibility of adding a service oriented archi-
tecture to the system presented in [11] in order to improve its flexibility and interoper-
ability.

2 Functionality and Architecture of Future DH Sub-

stations

In this paper we have chosen to use district heating as an example application area
because we know that in the DH-industry there is a need for open, system-wide solutions
that can evolve over time.

In the competition of heating customers, it is of the utmost importance to maintain
a high quality of service (QoS) at a competitive price. Historically, district heating has
been known to be a reliable and convenient heating method that requires very little or
no maintenance at the customer level. However, the ability of both customers and heat
suppliers to obtain useful information on how and where the energy is used within the
building has been limited (which is not a unique problem for district heated houses). The
space heating control system(s) has also been difficult to calibrate for maximum perfor-
mance. Systems for high-level monitoring and control that includes DHS functionality
have been non-existent until recently. By introducing wireless sensors, which are avail-
able for a multitude of purposes, the functionality and performance of the substation
(and indirectly the complete DH system) can be improved. In future district heating
substations, it is our opinion that sensors will not be hardwired to only perform only one
singular task, which is a waste of available resources. Instead, we suggest that sensors
should be loosely coupled, with the possibility of reconfiguring and interconnecting with
new (and old) sensors to provide different types of services.

Over the last 5-10 years, several new inventions have emerged that would increase
the functionality and QoS for both heat suppliers and customers; see [12, 13, 14, 15]
for a selection of promising recent research results. Each of these inventions can be
implemented today using specialized hardware installations, making it expensive for the
customer to utilize them all. For these inventions to have a significant impact, it is our
belief that the solutions must utilize open, vendor-independent standards. Specialized
solutions using proprietary protocols and hardware are by default incompatible with
products from other manufacturers. This often leads to an expensive vendor lock-in for
both energy companies and property owners.

Using the well-established open communication suite of TCP/IP at the sensor level
enables a reliable communication architecture that will support high-level SOA integra-
tion. However, as previously discussed, most SOA technologies today are too complex
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Figure 2: Sensor network. Sensors and actuators are connected to wireless sensor platforms
(S). The sensor platforms can advertise their services within the sensor network and on-line as
they utilize the Internet Protocol (IPv6). All on-line traffic is routed through the access point
(AP).

for low-power, highly resource-constrained embedded devices. Using emerging encoding
technologies like EXI (see Section 3 for further details) and similar, it is our opinion that
open source SOA solutions applicable for WSN installation are within reach.

2.1 Wireless Sensor Network Architecture

The sensor platform used in the underlying experiments to this paper is the so-called
Mulle v6.2 platform, modified to support 2.4 Ghz radio frequency. The Mulle platform
originated from the EISLAB division at Lule̊a University of Technology, but it is now
commercially available through Eistec AB [16]. The Mulle is designed with low-power
consumption in mind, but it is still powerful enough to support e.g. a TCP/IP stack.
Both TinyOS [17] and Contiki [18] lightweight operating systems are ported to the Mulle;
in this paper, we have used TinyOS exclusively.

The wireless sensor platforms connect to the Internet through an Internet access point
(AP) as depicted in Fig. 2; the AP is also commonly known as an edge-router. The AP
used for these experiments was developed at Lule̊a University of Technology as part of a
Master’s Thesis project, unfortunately, no thesis was available as a reference at the time of
writing this paper. The access point supports: Ethernet, 3G/GPRS, IEEE 802.15.4 and
Bluetooth communication and also has a GPS module. The operating system running
the Access Point is CLinux [19], running on a Blackfin [20] micro-controller from Analog
Devices.

2.2 Network technologies

The network connection between the sensor platform and the access point relies on the
PHY and MAC layer specified in IEEE 802.15.4 [21]; see also Fig. 3. IEEE 802.15.4
includes the physical and lower part of the link layer (mac layer) in the 5-layer Internet
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Figure 3: The complete network protocol stack used in the setup.

protocol stack [22]. The radio frequency bands supported by IEEE 802.15.4 are 2.4 GHz
(worldwide), 868 MHz (Europe), 915 MHz (North America) and 950 MHz (Japan). In
the experiments conducted for this paper, the 2.4GHz band was used. The throughput
of IEEE 802.15.4 is limited; depending on the modulation and frequency band, bit rates
of 20, 40, 100 and 250kb/s are possible. For this experiment, the 250 kb/s bitrate was
chosen.

As the network protocol, the next generation Internet Protocol (IPv6) [23] was used.
IPv6 is already supported by most routers on the Internet today. This makes the WSAN
in the DH substation globally accessible from the IPv6 Internet.

Because the IPv6 address space is significantly larger than the IPv4 address space,
the IPv6 header is also larger; the fixed header is 40 octets (320 bits). IPv6 has a MTU1

of 1280 octets; however, the frame size of IEEE 802.15.4 is only 127 bytes, with 76-116
bytes of payload available, depending on the addressing and security options [7]. Thus,
IPv6 packets transferred on IEEE 802.15.4 links must be fragmented. The fragmentation
is handled by the 6LoWPAN adaptation layer [6], found in between the Network- and
Link-Layers in the protocol stack, see Fig. 3. The 6LoWPAN also handles the header
compression of the IPv6 packages to make the transmission over the IEEE 802.15.4 link
faster and more resource efficient.

The transport protocol of choice in the experimental setup is UDP. Due to the limited
bandwidth and computational power of the resource-constrained sensor platforms, TCP
can be experienced as slow, with long “turn around” times.

At the application level, we are using the simple object access protocol (SOAP) to
encapsulate messages to be sent and received over the network as further explained in
Section 3.

1Maximum Transfer Unit
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3 Web Services

Although there are a number of different open and proprietary solutions conforming to
the SOA paradigm, web service technology is the most widely adopted by the industry
for at least two reasons. First, it is not encumbered by any patents and licenses but is
built upon the same standards and protocols already used and proven in the world wide
web. Second, not only are the web service specifications and standards free to the public,
but there are also many open source software tools and development kits for building
SOA applications in different programming languages. A service message carrier proto-
col called Simple Object Access Protocol (SOAP) is often used as a means for defining
the formatting of service requests and responses and specifying the interchange patterns.
Each SOAP message is serialized as an XML document with a predefined structure and
can be sent using different network protocols. Although SOAP is independent of the
transport protocol used, in practice, the SOAP documents are embedded in the HTTP
body or sent directly as a UDP payload. Recent efforts aimed at applying the SOA
approach to embedded systems have resulted in the Devices Profile for Web Services
(DPWS) [24] specification, where the binding of SOAP to UDP was formally defined.
The SOAP-over-UDP [25] supports unicast one-way, multicast one-way, unicast request,
unicast response, multicast request and unicast response message patterns through the
use of WS-Addressing specifications. The web service implementation used in our exper-
imental setup was based on SOAP-over-UDP on top of an IPv6 network layer, and the
tests included the unicast request and unicast response message exchange patterns.

The use of web services for inter-system communications fosters interoperability among
heterogeneous and complex business and industrial processes. The benefits achieved re-
sult from the service’s vendor independence and ability to interconnect different operating
systems, programming languages and hardware platforms. However, the main building
block in the web services specifications, namely, Extensible Markup Language (XML), is
too verbose and resource consuming to be used for battery powered resource-constrained
embedded devices. The size of the XML documents used to carry the service messages is
the main limiting factor preventing the application of the SOA approach in the embedded
domain, especially over wireless links. Nevertheless, recent advancements in binary en-
codings for XML have achieved performance that is very close to that of highly optimized
data formats. The use of these binary encodings enables XML processing for severely con-
strained wireless sensor nodes. Evaluations of several high-performance XML encoding
formats have been made available by XML Binary Characterization Working Group2. In
addition, surveys comparing different binary representations for use in web service mes-
sages are investigated in [26, 9]. The highest efficiency and processing speed is achieved
using the Efficient XML Interchange (EXI) format [27] developed by the W3C Binary
XML Working Group. It is based on information theory and formal languages and uses
knowledge of the structure of the XML documents to achieve compact representations
for both document meta-data and payload. Each EXI document consists of a header
and a body. The header defines different encoding/decoding parameters that affect the

2Efficient XML Interchange Measurements - http://www.w3.org/TR/exi-measurements/
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Message size [bytes]

Encoding type Request Response

XML (text) 761 1100
EXI (schema-less) 451 651
EXI (schema) 169 258

Table 1: Size of the request and response messages for plain XML, EXI schema-less and EXI
schema-enabled encoding

compactness, processing efficiency and memory usage when processing the document. An
important parameter is the use of an XML schema that sets constraints on the structure
and content of the document. The schema information must be available before the EXI
encoding/decoding, and it should be either statically set or communicated in advance
using schema languages such as Document Type Definition (DTD), W3C XML Schema
or RELAX NG. Schema-enabled EXI processing is much faster and results in smaller EXI
documents compared to schema-less processing. Table 3 shows the sizes of the request
and response messages used in our experiment encoded using plain XML, schema-less
EXI and schema-enabled EXI.

In our experimental setup, we used the EXIP open source implementation3 to parse
and serialize EXI messages, as it was specially designed for resource-constrained embed-
ded systems [28]. As the current version of the EXIP library does not provide support for
schema-enabled EXI processing, the messages were encoded without schema information
using the default EXI header options.

4 Data Models

We find it important to follow available standards as much as possible. This also ap-
plies to the semantics of the XML structure describing the service messages. The Open
Geospatial Consortium (OGC) is working on standards for enabling sensor communi-
cation over the web. The Sensor Web Enablement (SWE) [29] framework includes a
number of standards under development to support developers making sensors and ac-
tuators discoverable, accessible and usable via the web. We identified Observation and
Measurement (O&M) [30], Sensor Observation Service (SOS) [31] and SensorML [32] as
the most essential for our application domain.

3Efficient XML Interchange Processor - http://exip.sourceforge.net/
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<?xml version="1.0" encoding="UTF-8"?>

<s:Envelope xmlns:s="http://www.w3.org/2003/05/soap-envelope"

xmlns:a="http://www.w3.org/2005/08/addressing"

xmlns:hts="http://www.ltu.se/HeatingNodes/"

xmlns:sos="http://www.opengis.net/sos/1.0">

<s:Header>

<a:To>soap.udp://valveNode:5555</a:To>

<a:MessageID>urn:ltu:hts:1</a:MessageID>

<a:ReplyTo>

<a:Address>http://www.w3.org/2005/08/addressing/anonymous

</a:Address>

</a:ReplyTo>

</s:Header>

<s:Body>

<hts:reqMeasurements>

<sos:GetObservation>

<sos:observedProperty>urn:ogc:def:phenomenon:OGC:temp

</sos:observedProperty>

<sos:responseFormat>text/xml;

subtype=&quot;om/1.0.0&quot;</sos:responseFormat>

<sos:resultModel>om:Observation</sos:resultModel>

</sos:GetObservation>

</hts:reqMeasurements>

</s:Body>

</s:Envelope>

Figure 4: SOAP service request message in XML text format. EXI-encoded total size: 451 bytes

� O&M specifies an abstract data model to be used for physical observations and
measurements

� SensorML defines standard syntactical constructs to specify the functionality and
available services on a particular sensor platform.

� SOS provides an interface for managing sensor platforms and retrieving sensor data

The service messages included in our proof of concept experiment followed the for-
matting rules defined in O&M and SOS standards. A complete description of the sensor
nodes, including detectors, physical structure, input/outputs could also be added to the
system using SensorML.

Figure 4 shows the complete request message used in the experimental setup. The
responding platform parses the message and encodes a response message using the O&M
standard, which can be seen in Fig. 5.

5 Experimental Setup

To test the hypothesis of using a SOA in a low-power sensor network, a simple exper-
imental setup was created. Two sensor platforms were programmed to be used in the
experiment. One platform was programmed to request temperature information from the
other platform, which responds with a fictional temperature. We refer to the requesting
platform as the Requester and the responding platform as the Responder.
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<?xml version="1.0" encoding="UTF-8"?>

<s:Envelope xmlns:s="http://www.w3.org/2003/05/soap-envelope"

xmlns:a="http://www.w3.org/2005/08/addressing"

xmlns:hts="http://www.ltu.se/HeatingNodes/"

xmlns:om="http://www.opengis.net/om/1.0"

xmlns:gml="http://www.opengis.net/gml"

xmlns:xlink="http://www.w3.org/1999/xlink"

xmlns:xsi="http://www.w3.org/2001/XMLSchema-instance">

<s:Header>

<a:To>http://www.w3.org/2005/08/addressing/anonymous</a:To>

<a:MessageID>urn:ltu:hts:21</a:MessageID>

<a:RelatesTo>urn:ltu:hts:1</a:RelatesTo>

</s:Header>

<s:Body>

<hts:respMeasurements>

<om:Observation gml:id="Temp">

<gml:description>Outdoor Air Temperature</gml:description>

<om:samplingTime>

<gml:TimeInstant gml:id="ot1t">

<gml:timePosition>2011-01-11T16:22:25.00</gml:timePosition>

</gml:TimeInstant>

</om:samplingTime>

<om:procedure

xlink:href="http://dh.eislab.com/procedure/outdoortemp.xml"/>

<om:observedProperty xlink:href=

"urn:ogc:def:phenomenon:OGC:temp"/>

<om:result xsi:type="gml:MeasureType"

uom="urn:ogc:def:uom:OGC:Cel">22.3</om:result>

</om:Observation>

</hts:respMeasurements>

</s:Body>

</s:Envelope>

Figure 5: SOAP service response message in XML text format. EXI-encoded total size: 651
bytes

The current usage of the sensor platforms was measured using the simple measurement
setup depicted in Fig. 6. A small shunt-resistance (Rs) of 1Ω was connected in series with
the sensor platform, and the voltage (Vs) generated across Rs was amplified 100 times
and fed into a data acquisition card. The data acquisition frequency was set to 50 kHz
to record all sensor-platform activity. From the recorded data, the current usage can
easily be calculated using Ohm’s law in combination with the amplification factor A; see
Eq. (1).

Is =
Vo

A ·Rs

(1)

The OGC-compliant Sensor Web Enablement (SWE) service requests and responses
were compared against a minimalistic custom data transfer (RAW) see Fig. 7 and 8
for RAW-message constructs. To get an idea of time and energy required for serializ-
ing/sending and receiving/parsing EXI-encoded XML-messages the current usage was
measured throughout the operation. Because the RAW transmissions do not require
serialization like the EXI-encoding, the total transmission time will be significantly re-
duced for RAW-message operation. The smaller size of the RAW messages (maximum
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of 52bytes) also obviates the need for message fragmentation by the 6LoWPAN layer.
Thus, only one IEEE 802.15.4 packet is needed to transmit the required RAW data. In
Section 6, the measurement results are further analyzed.

Vcc

Rs A

Vo

Is

Vs

SP

Figure 6: Current measurement setup. SP indicates Sensor Platform and A indicates amplifier.
Vo is measured at 50kHz by an A/D data acquisition card.

struct sensor_msg_header {

unsigned char msg_type;

unsigned int msg_id;

unsigned char measurement_type;

};

Figure 7: RAW request message. Transmission size: 4 bytes

struct sensor_msg {

struct sensor_msg_header header;

char descr[30];

char unit[10];

float value;

unsigned long time_stamp;

};

Figure 8: RAW response message. Transmission size: 52 bytes



204 Paper H

6 Results

The measurement results were divided into 4 independent processes to identify how much
they contribute to the total time and energy usage for one interaction:

� Serialization, SR. Encoding and serializing the message using the EXI-standard.

� Sending, SE. Sending the EXI-encoded message using IPv6/6LoWPAN.

� Receiving, RE. Receiving the message.

� Parsing, PA. Parsing the received EXI-encoded message.

Depending on whether the current-measurement is performed on the Requester or
the Responder, the order of the processes mentioned above will vary.

For the Requester, we also measure the total time from the initiation of serialization
to the parsing of the result; we call this the Return-time. At the Responder, we measure
the time from the reception starts until the transmission of the response message finishes,
which we call the Response-time; see also Fig. 9.

In Table 6, the timing results for serializing, sending, receiving and parsing messages
at both the Requester and the Receiver are shown. These measurement results reveal
that it is the parsing and serialization of the EXI-messages that requires the most time
and energy (current) in the communication process.

Compared to sending a minimal RAW payload over IPv6/6LoWPAN, the EXI-encoded
SOA solution requires more energy and time to complete the operation of requesting the
temperature. The RAW method return time is less than 0.5% of the EXI-encoded return
time. However, the longer return time of the EXI solution should be weighted against the
cost of having several individual specialized systems requiring specialized maintenance
and support.

Requester [ms] Responder [ms]

Encoding Serialize Send Receive Parse Return Receive Parse Serialize Send Response

EXI (schema-less) 252 82 130 280 1350 82 182 424 130 818
RAW 2∗ 5 9 ∗ 48 5 ∗ 2∗ 9 16

* No serialization or parsing is required in RAW mode; however, the creation of the message structure will
require a short period of time.

Table 2: Average processing times in communication process. All results are in milliseconds

6.1 Time and energy constrains

With a return time of ∼1.3 s, the SOA approach used in this paper might not be suitable
for use in real-time processes with significant time constraints. However, in our target
application (DH-substations), a return time of 1.3 s does not have any direct implications
for measurement and space heating control because the real-time requirements are low.
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For hot-water control in buildings without hot water circulation (HWC), a shorter return
time might be advantageous to avoid temperature oscillation in tap water. Today, hot-
water control in smaller properties without HWC is usually controlled by self-acting
mechanical solutions; as this is not within the primary application area, we consider it
to be a marginal issue.

Using SOA on battery-powered sensor platforms will affect the life expectancy of the
sensors by increasing the computational and transmission time. To evaluate the effect of
increased current consumption, an extrapolating calculation was performed.

The outdoor and indoor temperature sensors connected to a DH substation are typical
devices where a battery is the only reasonable power source. Because these temperatures
do not change rapidly, a sampling frequency of e.g. four measurements per hour is mostly
enough for measurement and control purposes. Because the control system in a district
heating substation is working continuously, there is no need to ask specifically for a
certain temperature each time it is required. A subscription method where the sensors
involved automatically send their temperature readings to subscribing receivers is instead
considered. Sending the temperature using an EXI-encoded O&M message to one sub-
scribing receiver four times per hour requires the WSN platform to wake up from deep
sleep (idle mode), read the temperature, serialize and send the message.

The energy Qs used by a sensor platform for a specific time t can be calculated by
Eq. (2). The serialization of the temperature measurement takes ∼425ms at a reasonably
constant current consumption, Is of ∼27mA (see Fig. 9) at a Vcc of 4.2V. This results in
an energy usage of ∼48mWs for one response message.

Fig. 10 shows the current usage of a transmission in detail; observe the 6LoWPAN
fragmentation (eight spikes) of the IPv6 package. The energy usage for the transmis-
sion is calculated using Eq. (2). Sending the serialized payload of 651 bytes will use
approximately use 10 mWs. Thus, one complete temperature serialization and transmis-
sion uses approximately 48 + 10 = 58 mWs. Sending four messages per hour results in
238 mWs per hour which equals ∼65 �W in average power usage needed for serialization
and transmission. In addition, 12 �W are consumed while the sensor platform is in deep
sleep between transmissions, and there is also a necessary hardware-dependent energy
for sensor reading (in this example temperature), which we estimate to 8 �W on average
in this example. The total average power consumption P can thus be approximated as
85 �W (65 + 12 + 8).

Qs = Vcc

∫ t

0

Is(t)dt (2)

We can now estimate how much energy is needed to keep a this sensor platform alive
for a specific time. Because heat meters in district heating substations need to be re-
calibrated at 5 or 10 year intervals4, it would be convenient to have the battery powered
devices running for at least the same amount of time between battery changes. The
energy needed to keep a sensor platform alive for 5 years (43800 hours) will require at
least ∼3.7Wh; see Eq. (3).

4Due to country specific rules and regulations
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Figure 9: Current usage over time, at requester and responder, during an EXI-transaction. SR
- Serialize, SE - Send. RE - Receive, PA - Parse. The sensor platform is not put into sleep
mode in between activities; thus, current usage is ∼18mA while idle.
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Figure 10: The figure shows the current consumed during transmission of an IPv6 packet. The
6LoWPAN fragmentation of the IPv6 packet is clearly visible. The IPv6 packet is divided into
8 6LoWPAN frames.

Qtot = tlife · P = tlife · (Ptx + Pstop + Ptemp.read) (3)

6.2 Memory usage

In addition to the time and energy constrains, wireless sensor nodes have limited amounts
of programming and random access memory (RAM). For example, the Mulle node used in
our experimental setup features 512 kB of ROM and 47kB RAM. The EXIP library and
the service engine handling the SOAP messages occupy almost 80 kB of programming
memory. The RAM used is allocated during the EXI message processing and is freed
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immediately afterwards to be made available for the IP stack routines. Although the
RAM consumed by our web service solution can be safely shared and reused by other
modules running on the sensor node, its size is relatively large, between 7.1 and 9.1 kB
for serialization and between 7.7 and 9.8 kB for parsing of the EXI messages.

The measured ROM and RAM consumption can be seen as an upper limit for this
particular case, as we have not implemented any optimizations on the code, and we have
not used any optimization parameters for the compiler. In a simple test to support this
statement, we changed the dimension of several 32 bit integer variables in the EXIP
library to 16 bit integers, assuring that the correctness of the execution would be pre-
served. This change alone resulted in between 0.5 kB and 0.8 kB less dynamic memory
used during service request/response execution.

7 Discussion and Conclusion

In this paper, we have evaluated the possibilities of using a service oriented architecture on
top of wireless sensor networks in district Heating substations. Our long-term goal in this
research is to integrate sensor data from embedded devices in district heating substations
with enterprise level systems through the use of service oriented architectures. This will
improve the potential sensor data utilization and system flexibility.

The results in this paper demonstrate that it is possible to use SOA on small embedded
devices, such as wireless sensor platforms. With schema-enabled EXI parser/serializer
in place, the size of transmitted packages will become even smaller, enabling even more
constrained and cheaper sensor platforms to comply with the required hardware speci-
fications. With a more optimized software for parsing and serializing EXI-messages, we
expect that the return-time can be reduced with at least 50%. When schema-enabled
EXI is operational, further reduction in parsing/serializing will be even more efficient,
and send/receive times will also be shortened because the message size will be reduced.
Still, the time and energy requirements will be larger than those in specialized solutions,
such as the RAW approach used in this paper. However, it is important to put the
increased time and energy usage in relation to the cost of keeping several specialized
solutions operational and compatible.

The approach of loosely coupled sensors, with the ability to interconnect in a non-
predefined way, is controversial in the district heating industry, which is heavily based
on strong tradition. However, to offer customers new services without expensive addi-
tional hardware solutions for each specific service (functionality), it is our belief that the
approach presented in this paper will be groundbreaking and will get widely adopted in
a not too distant future.

The operational SOA in WSN solution presented in this paper is not in any way
limited to the area of district heating. Another application area where we know that the
interest in such technology is high is process automation.
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